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ABSTRACT 
Magnesium is the least dense engineering metal, with an excellent stiffness-to-
weight ratio. Magnesium recycling is important for both economic and environmental 
reasons. This project demonstrates feasibility of a new environmentally friendly process 
for recycling partially oxidized magnesium scrap to produce very pure magnesium at low 
cost. It combines refining and solid oxide membrane (SOM) based oxide electrolysis in 
the same reactor. Magnesium and its oxide are dissolved in a molten flux. This is 
followed by argon-assisted evaporation of dissolved magnesium, which is subsequently 
condensed in a separate condenser. The molten flux acts as a selective medium for 
magnesium dissolution, but not aluminum or iron, and therefore the magnesium collected 
has high purity. Potentiodynamic scans are performed to monitor the magnesium content 
change in the scrap as well as in solution in the flux. The SOM electrolysis is employed 
in the refining system to enable electrolysis of the magnesium oxide dissolved in the flux 
from the partially oxidized scrap. During the SOM electrolysis, oxygen anions are 
transported out of the flux through a yttria stabilized zirconia membrane to a liquid silver 
anode where they are oxidized. Simultaneously, magnesium cations are transported 
through the flux to a steel cathode where they are reduced. The combination of refining 
vi 
and SOM electrolysis yields close to 100% removal of magnesium metal from partially 
oxidized magnesium scrap. The magnesium recovered has a purity of 99.6w%. 
To produce pure oxygen it is critical to develop an inert anode current collector 
for use with the non-consumable liquid silver anode. In this work, an innovative inert 
anode current collector is successfully developed and used in SOM electrolysis 
experiments. The current collector employs a sintered strontium-doped lanthanum 
manganite (Lao.8Sro.2Mn03-o or LSM) bar, an Inconel alloy 601 rod, and a liquid silver 
contact in between. SOM electrolysis experiments with the new LSM-Inconel current 
collector are carried out and performance comparable to the state-of-the-art SOM 
electrolysis for Mg production employing the non-inert anode has been demonstrated. 
In both refining and SOM electrolysis, magnesium solubility in the flux plays an 
important role. High magnesium solubility in the flux facilitates refining. On the other 
hand, lower magnesium solubility benefits the SOM electrolysis. The dissolution of 
magnesium imparts electronic conductivity to the flux. The effects of the electronic 
conductivity of the flux on the SOM electrolysis performance are examined in detail 
through experiments and modeling. Methods for mitigating the negative attributes of the 
electronic conductivity during SOM electrolysis are presented. 
vii 
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1.1. Background Information 
Magnesium (Mg) is the least dense engineering metal (1.74 g/cm3) and its alloys 
have relatively high specific strength and excellent corrosion resistance. Magnesium 
readily alloys, and is easy to machine and cast.[1], [2], [3], [4] This makes magnesium 
alloys very attractive for lightweight structural applications, especially automobiles. 
Automobile manufacturers are focusing on reducing vehicle weight due to rising oil 
prices and legislation demanding increased fuel economy and reduced green house gas 
(GHG) emissions.[5], [6] A variety of automotive components have been made of 
magnesium alloys, such as wheels, transfer cases, seat frames, etc. It is estimated that 
22.5 kg of mass reduction would improve fuel efficiency by around 1 %.[1] According to 
Magnesium Vision 2020, U.S. automakers aim at replacing 283.5 kg of steel and 
aluminum parts per vehicle with 153 kg of magnesium alloy by the year 2020. When 
weight is reduced by 130.5 kg, chassis, suspension and powertrain components may also 
be reduced, allowing a secondary weight savings (95 kg) or weight compounding.[?] This 
would reduce automobile weight by 225.5 kg and therefore improve fuel efficiency by 
approximately 10%. 
In order for magnesium to become cost-competitive with steel or aluminum in 
automobile manufacturing, the cost ratio of magnesium to steel or aluminum must be 
below a break-even value. In order for automakers to use magnesium in automobile 
manufacturing, the magnesium to galvanized steel price ratio must drop below 4.33:1 or 
- 1 -
the magnesium to aluminum price ratio must drop below 1.8:1. In 2008 this ratio was 8:1 
for magnesium/steel and 2.5:1 for magnesiurnlaluminum.[8] The high cost of primary 
magnesium and poor recyclability of post-consumer magnesium scrap are two of the 
biggest obstacles to achieving the goal of massively using magnesium parts in 
automobiles. Fortunately, a solid oxide membrane (SOM) based electrolysis process 
offers a promising method of reducing the price of primary magnesium. [9] It is expected 
to meet the demand for low cost primary magnesium production and was determined to 
be the cheapest method of primary magnesium production in an independent study.[8] 
In addition to automotive industry, magnesium also has many other application 
realms because of its unique properties. Kawamura et al. have developed two strong 
nonflammable magnesium alloys that could be used in aircraft construction. [ 1 0] The fact 
that magnesium works well as an electromagnetic shield makes it very attractive to the 
audio and electronics industry.[11], [12] Magnesium can also be used as electrode 
material for both rechargeable magnesium batteries and liquid metal batteries.[13], [14] 
As magnesium consumption increases in automotive, aerospace, and electronics industry, 
magnesium recycling will become ever more critical for both economic and 
environmental reasons.[5], [6], [15], [16] The growth of magnesium use would generate 
considerable amount of magnesium scrap as a source of supply for the magnesium 
recycling industry. This provides motivation for expanding existing capacity or building 
new magnesium recycling plants. From the energy perspective, the energy requirement 
for melting and recycling magnesium is only about 5% of the energy to produce the same 
quantity of primary material. [ 17] Generally the C02 emission will also follow the trend 
- 2-
of the energy consumption. This clear difference in energy requirement and C02 
emission shows the importance of recycling post-consumer magnesium scrap alloy. 
Energy-efficient and eco-friendly recycling of magnesium scrap could significantly 
improve the cost competitiveness of using magnesium for automotive and other 
applications and in reducing the GHG emissions. 
1.2. Magnesium Recycling: Current Status and Challenges 
There are a variety of classification systems for magnesium scrap. A generic 
classification system was devised by Elektron Magnesium[18][19] and another similar 
system by Hydro Magnesium[6]. The classification system (Elektron Magnesium) 
divides the magnesium scrap into six different types (Type 1A, 1B, 2, 3, 4, SA, SB, 6A, 
6B). The details of each type are provided in Table 1-1. Clean and sorted scrap generated 
at die-casting plants are referred to as type 1 scrap. Scrap types 2-3 may require some 
dilution or paint removal but are generally useable in new products. They are recycled 
using either flux-based or fluxless refining. Refining magnesium scrap with a flux of a 
typical composition ( 49w%MgCb-27w% KCl -20w%BaCb-4w%CaF2) is the most 
common technology.[20] In this technology, the flux is mixed with liquid magnesium, 
and it removes non-metallic inclusions within the original metal and oxides that form 
during melting. This technique is also capable of refining dirty magnesium scrap by 
adjusting the ratio of flux to the scrap depending on its cleanliness. However, 
disadvantages of this process include incomplete separation of liquid magnesium from 
- 3 -
the flux after mixing, low recyclability of the flux, fugitive emissions of sulfur 
hexafluoride (a GHG), and loss of magnesium in the form of oxide. 
Hydro Magnesium has a similar process where the molten flux contacts molten 
magnesium alloy at one end of a large multi-chamber furnace. The oxides from the alloy 
settle out of the molten magnesium alloy and collect at the bottom of the furnace as 
sludge. [ 17], [21] This process uses sufficient flux to remove all the oxides present in the 
molten metal, but it cannot separate pure magnesium from aluminum and trace impurities 
such as iron and nickel. These impurities decrease the corrosion resistance of 
magnesium.[22] 
Distillation is an option to separate magnesium from other metals because it takes 
advantage of the high vapor pressure of magnesium relative to aluminum and many other 
metals. Zhu et al. used vacuum distillation for magnesium recycling. However, 20-25 pet 
of the original scrap remained as residue with a magnesium mass content as high as 
60w%; magnesium distillation is hindered by the oxides of magnesium and aluminum 
scales on the surface of the residue.[23] 
The majority of the post-consumer scrap, including automotive scrap, is of type 4. 
To recycle end-of-life automobiles, they are first dismantled, flattened, and then 
shredded. Most of the aluminum and magnesium alloys from automobiles today end up 
as shredded material sorted for heavy metals and plastics. Usually magnesium and 
aluminum are not sorted, and the magnesium fraction normally constitutes only a very 
small percentage. Magnesium either gets oxidized as the aluminum is remelted, or is 
-4-
removed in subsequent refining steps, for example, by injection of a chlorine containing 
gas (demagging).[17], [24], [25], [26] The chlorine bubbling through the liquid alloy 
removes magnesium by forming MgCh and impurity chlorides. This demagging process 
leaves purer and higher-value aluminum. However, as the magnesium content of vehicles 
increases, this will require large amounts of chlorine, energy, and new markets that can 
consume the MgCh. This method also wastes the energy content of the magnesium 
metal: reducing MgCh back to magnesium would require additional energy, and the low 
purity of the chloride might make even that impractical. 
Without new industrial capability to separate magnesium from aluminum, a 
significant increase in vehicle magnesium use could lead to lower post-consumer 
recycling rates, and considerably more landfilling. In addition, legislation requires 
automakers to take into account the recycling. For example, European automobile 
manufacturers are required to recover at least 95% of vehicle weight by 2015.[6] The 
laws in China stipulate that, by 2017, the recovery rate of vehicles should not be less than 
95%, and the recycling rate of materials should not be less than 85%.[27] All these 
challenges provide motivation for the development of an energy-effective and 
environmentally friendly process for recycling magnesium. 
- 5 -
Table 1-1. Magnesium scrap types, from Magnesium Elektron. 
TYPE lA: High grade clean scrap, e.g. Scrap casting, 
biscuits, etc. 
TYPE lB: Clean scrap with a high surface area, e.g. 
Thin walled castings, flashings, etc. 
TYPE 2: Clean scrap with steel I aluminum inserts. No 
copper or brass contamination. If copper or brass 
contaminated, scrap is treated as a special case. 
TYPE 3: Scrap castings, painted, with/without inserts of 
Fe/Al. No copper or brass contamination. If copper or 
brass contaminated, scrap is treated as a special case. 
TYPE 4: Unclean metal scrap, e.g. oily, wet, and 
contaminated. May contain: 
-Silicon contamination, e.g. Tumbling beads, sand etc. 
-AI alloys; Cu contaminated alloys. 
-Non-magnesium sweepings . 
TYPE SA: Chips, swarf, machining. Clean/dry 
uncontaminated. 
TYPE SB: Chips, swarf, machining. Oily and/or wet. 
TYPE 6A: Flux free residues, e.g., crucible sludge, 
dross etc. Should be dry and silica free, e.g., free of 
sand. 
TYPE 6B: Flux contammg residues, e.g., crucible 
sludge, dross, etc. Should be dry and silica free, e.g., 
free of sand. 
- 6-
1.3. Magnesium Recycling by Refining and SOM Electrolysis 
In this work, an innovative process involving refining and solid oxide membrane 
(SOM) electrolysis for magnesium recovery from partially oxidized magnesium scrap 
alloy is developed.[28], [29] Nearly 100% of the magnesium is recovered from the 
magnesium scrap alloy by dissolving magnesium and its oxide into the flux followed by 
argon (Ar)-assisted evaporation of dissolved magnesium and SOM electrolysis of the 
magnesium oxide. The magnesium produced is in a vapor form that is condensed in a 
separate condenser. This process is capable of recycling many grades of magnesium 
scrap in a single step by separating magnesium from other metal impurities and oxides in 
a cost-effective and environmentally sound way. It is entirely different from the 
conventional flux-based refining technologies. 
Figure 1.1 shows the schematic of the magnesium recycling process. During 
refining, magnesium and its oxide in magnesium scrap alloy preferentially dissolve into a 
molten salt (flux). Forming gas (95%Ar-5%H2) or argon bubbling through the salt 
removes the dissolved magnesium in the flux. The magnesium that is removed via the gas 
phase is collected in a separate chamber at a lower temperature. The flux has a finite 
solubility for magnesium and acts as a selective medium for magnesium dissolution, but 
not aluminum or iron, and therefore the magnesium recovered has high purity. The 
dissolution, gas phase removal, and condensation of magnesium can be expressed by 
Equations (1-1), (1-2), and (1-3), respectively. 
Mg(alloy) Dissolution ) Mg(flux) 
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(1-1) 
Mg(flux) Evaporation ) Mg(g) 
Mg(g) Condensation ) Mg( S) 
Potentlostat + 













Figure 1.1. Schematic for the magnesium recycling process involving refining and 
SOM electrolysis. 
Refining can be employed to continuously recover magnesium from magnesium 
scrap alloy if there is negligible MgO in the scrap alloy. However, if the magnesium 
scrap alloy is partially or heavily oxidized, the MgO dissolved in the flux accumulates 
until its solubility limit is reached. Therefore, it is necessary to periodically use SOM 
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electrolysis to recover magnesium in the MgO and thus decrease the content of MgO in 
the flux so the oxides in the scrap can continue to dissolve. 
The SOM electrolysis process is used for the extraction of metals or alloys 
directly from their oxides or oxide compounds.[9], [30], [31], [32], [33], [34], [35], 
[36],[37], [38], [39], [40] The SOM electrolysis for magnesium production directly from 
MgO dissolved in the flux has been successfully demonstrated in the laboratory, and it is 
now being scaled up and commercialized by INFINIUM Inc. (formerly known as 
MOxST, Inc.). Because of its simplicity and efficiency, the SOM process is the lowest-
cost method proposed for producing magnesium with cost estimated at $1.36/kg, much 
lower than MgCb electrolysis, siliconthermic reduction (the Pidgen process), and 
carbothermic reduction.[8] Additionally, oxygen gas can be produced at the anode during 
SOM electrolysis, it can be sold to offset some of the capital cost and further lower the 
magnesium price point. 
In Figure 1.1, an oxygen-ion-conducting yttria-stabilized zirconia (YSZ) SOM 
separates the flux from a liquid silver anode. The reaction chamber and the bubbling tube 
serve as the cathode. When an applied electric potential exceeds the dissociation potential 
of MgO, magnesium cations (Mg2+) are reduced to magnesium at the cathode, while 
oxygen anions (02") are transported out of the flux through the YSZ membrane and 
oxidized at the liquid silver anode. The electrochemical half-cell reaction at the cathode 
can be expressed as 
(1-4) 
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At the anode, if carbon rod is used as the current collector, the electrochemical 
half-cell reaction is 
0 2- + C----+ CO(g) + 2e- (1-5) 
If an inert anode current collector can be developed and used instead, the 
electrochemical half-cell reaction at the anode is 
(1-6) 
In this work, a new inert anode current collector is successfully developed and 
used in SOM electrolysis experiments for oxygen evolution. The YSZ membrane 
prevents oxygen from back-reaction with the reduced magnesium. In addition, the YSZ 
membrane selectively conducts oxygen ions but blocks other elements, such as fluorine. 
so the oxygen byproduct is very pure.[41] 
In both refining and SOM electrolysis, magnesium solubility in the molten flux 
plays an important role. High magnesium solubility during refining speeds up the refining 
process, while low magnesium solubility during SOM electrolysis prevents the YSZ 
membrane degradation and improves the faradaic current efficiency. Therefore, 
magnesium solubility is a critical parameter that needs to be monitored and controlled. 
Electrical diagnostic measurement methods are developed to estimate the amount of 
magnesium in the scrap alloy and dissolved in the flux. 
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To improve the magnesium refining process, this project uses a transport model 
involving the flow behavior of the flux, the mass transfer of the magnesium in the flux, 
and the phase change behavior of magnesium. The simulation results provide insights for 
the placement of the bubbling tube in the flux to efficiently remove the dissolved 
magnesium. 
Finally, an equivalent circuit is developed to determine the impact of electronic 
conductivity during SOM electrolysis. It is observed that the electronic conductivity of 
the flux increases as magnesium dissolves into the flux. The relationship between 
faradaic current efficiency of the SOM electrolysis and the magnesium solubility in the 
flux is investigated. Additionally, the dissociations of impurity oxides, such as Fe20 3, in 
the flux and zirconia in the YSZ membrane are taken into account in the equivalent 
circuit. 
1.4. Scope of this dissertation 
In the previous section, current status and challenges of magnesium recycling 
have been reviewed. The increasingly growing application of magnesium alloys in 
automobiles and other areas is driving the development of new energy-effective and eco-
friendly processes of recycling magnesium from low-grade magnesium scrap. The main 
objective of this dissertation is to demonstrate a new process of recycling magnesium that 
combines refining and SOM electrolysis . 
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The dissertation is divided into 6 chapters, with the first chapter serving as the 
introduction. Proof-of-concept recycling experiments employing partially oxidized 
magnesium alloy are described and discussed in chapter 2. To understand and optimize 
the magnesium refining, a theoretical transport model is proposed and examined in 
chapter 2 as well. In chapter 3, a novel inert anode current collector is proposed, and 
SOM experiments with the inert anode current collector for oxygen evolution are 
demonstrated. In chapter 4, electronic conductivity of the flux in SOM electrolysis is 
investigated. The correlation between the electronic conductivity in the flux and the 
current efficiency of the SOM electrolysis is discussed. In chapter 5, an equivalent circuit 
model of the SOM electrolysis cell is presented to determine the impact of electronic 
conductivity in the flux. An electrochemical model of the SOM process for producing 
magnesium and oxygen is also built to quantify various polarization losses. The 
maximum allowable applied potential to avoid Zr02 dissociation is quantified as well. 
Finally, chapter 6 gives a summary of this dissertation and suggestions for future work. 
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2. MAGNESIUM RECYCLING BY REFINING AND SOM 
ELECTROLYSIS 
The typical magnesium alloys in automotive components are AZ91, AM50, 
AM60, all which are predominantly Mg-Al alloys with small impurities.[6] This chapter 
presents two distinct proof-of-concept recycling experiments. The first employed a 50.5 
w% Mg-Al alloy and included a refining step and a subsequent SOM electrolysis. The 
second experiment employed an AZ91 magnesium alloy and included only a refining step. 
During refining, magnesium and its oxide were dissolved from the alloy into the 
molten salt and the dissolved magnesium was removed by forming gas (95%Ar-5%H2) 
or argon and collected in a separate condensing chamber. In the experiment using the 
50.5w% Mg-Al alloy, SOM electrolysis was employed in the same reactor system after 
refining to enable additional recycling of magnesium from MgO in the scrap alloy that 
was dissolved in the flux. 
2.1. Magnesium Recovery from 50.5 w% Mg-Al alloy 
2.1.1 Experimental Setup 
Figure 2.1 shows the schematic of the setup for the experiment using the 50.5w% 
Mg-Al alloy. The setup consisted of an upper reaction chamber, heated to 1175°C and a 
lower condensing chamber having a temperature gradient of 1100-200°C. It was 
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fabricated using grade-304 stainless steel (SS-304). The setup was placed inside a mullite 
tube and heated in industrial grade (IG) argon (Airgas, USA). The airtight seal was 
achieved by using rubber 0-rings along with high vacuum grease (Dow Coming, USA) 
between the mullite tube and two water-cooled brass end caps. In addition, Swagelok 
Ultra-Torr fittings were used to connect the brass end caps to the gas lines of the setup 
and also provide good airtight seal. 
Figure 2.1. Design of experimental setup for magnesium recovery from 50.5w% 
Mg-Al alloy. 
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The Mg-Al alloy was prepared by melting a 9.6 g piece of 99.8% pure 
magnesium (Alfa Aesar, USA) and a 9.4 g piece of 97.9% pure aluminum (Alfa Aesar, 
USA) together inside a small SS-304 crucible. The mixture of magnesium and aluminum 
was stirred with a SS-304 rod for 15 minutes at 800°C in an ultra-high purity (UHP) 
argon (Airgas, USA) atmosphere, then held at the same temperature without stirring for 
15 minutes and subsequently quenched. The alloy was homogeneous and the composition 
was 50.5w% Mg-Al. The Mg-Al alloy together with the alloy crucible made of SS-304 
was placed in the setup as shown in Figure 2.1. There was an inverted SS-304 crucible 
above the alloy crucible. The design of the chamber containing the scrap alloy is 
discussed in detail in section 2.1.2. 
Six hundred and eighty grams of powdered flux was used to form the molten salt 
electrolyte. The composition of the flux used is a eutectic mixture of 45w%MgF2-55w% 
CaF2 containing 10w%Mg0 and 2w% YF3. To make the flux , MgF2 hydrate, 96% pure 
MgO, 99.5% pure CaF2, and 99.99% pure YF3 were purchased from Alfa Aesar and dried 
for 4 hours at 400 °C. After drying, the powders were mixed on a ball mill at -75 rpm for 
24 hours in the desired proportions. Once the powders had been mixed, the flux was 
prepared by melting the mixed powders in a graphite crucible at -1200 oc in forming gas 
(Airgas, USA) atmosphere. After the flux was cooled to room temperature, it was crushed 
into small chunks or powders. The powdered flux was originally packed both inside and 
outside the inverted crucible shown in Figure 2.1. The combination of MgF2 and CaF2 
provides a flux with a low eutectic melting point (974 oq [42] , and a high solubility for 
MgO. The MgO solubility in a flux of similar composition (55.5w%MgF2-44.5w%CaF2) 
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has been found to be 22w% at 1150 °C.[43] lOw% MgO is added to the flux to reduce 
the mass transfer limitation of MgO during SOM electrolysis, while the 2 w% YF3 in the 
flux prevents the diffusion of yttria into or out of the YSZ membrane during SOM 
electrolysis. [ 44] 
A bubbling tube welded to the upper reaction chamber and immersed into the flux 
was used to stir the flux after the flux was melted. A 30.48 em one-end-closed yttria-
stabilized zirconia (YSZ) tube was used for electrolysis. The YSZ tube was purchased 
from McDanel Advanced Ceramics Technologies and contains 6 mol% yttria. The YSZ 
has an outer diameter of 1.27 em, and was attached with Aremco 552 and 516 ceramic 
pastes to an alumina tube having a slightly greater inner diameter than the outer diameter 
of the YSZ tube. 
The reaction chamber was continuously purged with forming gas at 15-20 
cm3/min through the bubbling tube and at 3~0 cm3/min through each of the two annuli 
at the top of the reaction chamber. This was done to lower the partial pressure of 
magnesium vapor over the flux and to carry the magnesium vapor to the condensing 
chamber. The inlet of the venting tube to the condenser was above the flux surface to 
prevent any flux from entering the condenser. Magnesium vapor recovered in the reaction 
chamber is transported through the venting tube to the condensing chamber along with 
the argon carrier gas. In the condensing chamber magnesium vapor is condensed in the 
solid state over a steel shim along the side walls of the condensing chamber and the 
baffle. 
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2.1.2 Design of the Chamber Containing the Scrap Alloy 
Figure 2.1 shows the cross-sectional view of the chamber containing the scrap 
alloy. This chamber was mainly composed of the Mg-Al alloy, the alloy crucible, and an 
inverted SS-304 crucible above the alloy crucible. 
Due to a finite solubility of iron in Mg-Al alloy, 2 g of 99.9% pure iron powder 
(Johnson Matthey Electronics, USA) was added to the Mg-Al alloy to prevent the 
dissolution of iron from the alloy crucible walls during the experiment (see Figure 2.1). 
When the alloy melted, the iron powder dissolved into the liquid Mg-Al, and increased 
the density of the molten alloy. Because of the increased density of the molten alloy and 
the surface tension between the molten alloy and the molten flux, the molten alloy sank to 
the bottom of the alloy crucible. This helped to ensure that the molten Mg-Al-Fe alloy 
remained confined to the alloy crucible, and was not transported through the flux by 
convection. The addition of iron powder to the alloy also lowered the partial pressure of 
magnesium in the alloy. 
A steel shim with punched holes was used to support the flux chunks and prevent 
them from falling down to the scrap alloy before the flux melted. The inner diameter of 
the inverted crucible was slightly larger than the outside diameter of the alloy crucible, 
and therefore there was a gap between the two crucibles. The gap allowed the molten flux 
to pass through. More details of the chamber containing the scrap alloy are shown in 
Figure 2.1. In order to prevent the distillation of magnesium from the Mg-Al alloy during 
heating to 974°C, a layer of flux was pre-melted to hermetically seal the opening of the 
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alloy crucible. Thus, the alloy was trapped inside the alloy crucible, and direct distillation 
of magnesium was avoided. Pre-melting the flux on top of the alloy in the crucible caused 
the alloy surface to slightly oxidize. The oxide was later dissolved in the flux, and the 
magnesium in the oxide was reduced by employing SOM electrolysis. 
2.1.3 Electrochemical Techniques and Measurements 
The electrochemical techniques used during the experiment are described in the 
following list: 
1) Potentiodynamic Scan (PDS): It is a voltarnmetric method where the current is 
measured, while the electric potential between the anode and the cathode is 
increased linearly over time. 
2) Electrochemical Impedance Spectroscopy (EIS): It relies on the application of 
a small alternating potential between the electrodes of an electrochemical 
system and measure the current response as a function of frequency. The 
negative imaginary part of the calculated impedance is plotted against the real 
part of the impedance as a function of frequency on a Nyquist plot. 
3) Potentiostatic Hold: The current is measured while a constant electric 
potential is applied between the anode and the cathode. 
During refining, the YSZ tube was held above the flux . A Solartron SI 1280B 
potentiostat was used for PDS and EIS. Both PDS and EIS scans were performed 
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between the chamber containing the scrap alloy as the anode, and the reaction chamber 
and the bubbling tube as the cathode. An alumina spacer was used to insulate the rod 
connecting the inverted crucible from the reaction chamber. PDS were performed to 
determine the electrorefining potential for magnesium dissolution as well as magnesium 
bubble nucleation in the flux . In general, EIS was performed from 20,000 to 1 Hz with a 
20 m V amplitude. The acquired impedance data were fit to a simplified Randles-type 
equivalent circuit. The ohmic resistance of the measured electrochemical system was 
obtained from the value of the high frequency intercept on the real axis of the Nyquist 
plot.[45], [46] The EIS scans during refining measured the ohmic resistance of the flux 
between the anode and the cathode. An electrochemical schematic with the electrical 
wiring is shown in Figure 1.1. 
During SOM electrolysis, magnesium was recovered from its oxide that was 
dissolved in the flux. The oxygen-ion-conducting YSZ SOM tube was lowered into the 
flux at 0.25 em/min until the closed end of the YSZ SOM tube was suspended -4.5 em 
below the surface of flux. The YSZ tube separated the flux from the liquid silver as 
shown in Figure 2.1 . The reaction chamber and the bubbling tube still served as the 
cathode, but silver inside the YSZ tube served as the anode, and the carbon rod immersed 
in the silver acted as an anode current collector. When an applied electric potential 
exceeded the dissociation potential of MgO, magnesium vapor was produced at the 
cathode, and carbon reacted with oxygen to generate carbon monoxide at the operating 
temperature (1175 °C). The overall cell reaction is given as 
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MgO + C = Mg(g) + CO(g) (2-1) 
An Agilent Technologies N5743A power supply was used to perform potentiodynamic 
scans and potentiostatic holds . Potentiodynamic scans were performed to determine the 
dissociation potential of MgO. Potentiodynamic scans were also used to determine if any 
current passed through the electrolysis cell before MgO dissociation, referred to as 
leakage current. The leakage current did not contribute to the faradaic current during the 
SOM electrolysis. Potentiostatic holds were carried out to recover magnesium from MgO 
by applying a constant electric potential greater than the dissociation potential of MgO. 
2.1.4 Results and Discussions on the Refining Step 
2.1.4.1 Ohmic resistance ofthejlux 
The molten flux was initially entirely ionic and acted as an electronic insulator 
between the anode and the cathode. However, the system became electronically 
conductive when magnesium dissolved in the flux. After 0.33 hour, the ohmic resistance 
of the flux between the reaction chamber and the chamber containing the scrap alloy was 
measured to be 0.066n using EIS; see Figure 2.2. The low ohmic resistance indicated 
that the flux already became electrically conductive due to the dissolved magnesium. 
After 4.45 hours, the ohmic resistance of the flux was measured to be 0.09n as shown in 
Figure 2.2. It is believed that the electrical resistance of the flux was directly related to 
the amount of dissolved magnesium in the flux during the experiment. This amount was 
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determined by the dissolution rate of magnesium from the scrap alloy into the flux and 
the evaporation rate of the dissolved magnesium from the flux into the gas phase. The 
dissolution rate of magnesium was directly related to the magnesium concentration 
gradient at the interface of the scrap alloy and the flux. The dissolution rate was expected 
to decrease as the magnesium content in the scrap alloy decreases. If the dissolution rate 
is greater than the evaporation rate, the amount of dissolved magnesium in the flux 
increases, and therefore the electrical resistance of the flux decreases . In contrast, when 
the dissolution rate is less, the amount of dissolved magnesium decreases, and therefore 
the electrical resistance of the flux increases. 
0 . 02~ 
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Figure 2.2. Electrochemical impedance spectroscopy results at two different times 
during refining at 1175 oc. 
It has been shown that magnesium has a monotectic solubility of 0.3 to 0.6 mol% 
(0.12-0.23 w%) in MgF2 at 1261 °C.[47] The magnesium solubility in the flux after the 
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magnesium recycling experiment was determined by adding dilute acid to a given amount 
of the powdered flux and measuring the hydrogen evolution. These experiments showed 
that the magnesium solubility in the flux after the refining experiments was around 
0.03w%. The magnesium solubility inside a flux of similar composition (50.5w%MgF2-
39.5w%CaF2-10w%MgO) was reported to be 0.02-0.05w% [48], consistent with the 
measurements in this work. 
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Figure 2.3. Potentiodynamic scans showing the current-potential relationships 
during the refming step in the SO.Sw% Mg-Al alloy experiment. The open circuit 
voltage, and the two electrorefming potentials (OCV, EERb and EER2) for the last 
potentiodynamic scan are indicated by arrows. 
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After the reaction chamber was at the desired temperature (1175 °C), PDS labeled 
from PDSl to PDS5 were conducted over time as shown in Figure 2.3. In each PDS, the 
potential was linearly increased (5 mV/s) from the open circuit voltage (OCV) to a 
voltage greater than the OCV. The current increased linearly as the applied potential was 
increased, except for the two current jumps. 
For each potentiodynamic scan, there are two current jumps. The current jump at 
the first potential, close to the OCV, is due to the following electrochemical half-cell 
reactions: 
Anode: Mg (alloy)-+ Mg2+ + 2e- (2-2) 
Cathode: Mg2+ + 2e--+ Mg (flux) (2-3) 
The overall reaction which corresponds to the measured current jump at the first potential 
is expressed by 
Mg (alloy)-+ Mg (flux) (2-4) 
This reaction is different from direct dissolution of magnesium from Mg-Al alloy 
into flux. It is the reduced magnesium at the cathode that dissolves in the flux. As the 
applied potential is increased and when it just exceeds OCV, more magnesium goes into 
solution in the flux at the cathode and a current jump is seen. The potential at which this 
current jump occurs, as shown in Figure 4, is therefore the electrorefining potential for 
magnesium dissolution or EeRJ. In other words, at EeRJ, the electrochemical reaction 
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Mg(alloy)- Mg(flux) becomes more favorable than the reaction Mg(flux)- Mg(alloy). 
According to Nernst equation [49], the expression of EERI or OCV is given by 
E Ocv t;RT I aMg(jlux) = t;RT In PMg(jlux) I p~g ERl = =-- n 
2F a 2F Mg(alloy) 'Y X Mg(alloy) 
(2-5) 
where t ; is the ionic transference number of the flux, R the gas constant (8.31 Jmor 1 K 
1), F the Faraday constant (9.65x104 C mor\ aMg(flux> the activity of magnesium 
dissolved in the flux at the cathode, aMg(allayJ the activity of magnesium in Mg-Al alloy, y 
the activity coefficient of magnesium in Mg-Al alloy, xMg(allayl the magnesium molar 
content in Mg-Al alloy, PMg<fluxl the partial pressure of magnesium dissolved in the flux 
at the cathode, and P~8 the magnesium vapor pressure (1.9x105 Pa) at the operating 
temperature T=1175°C. P~8 was calculated from the equilibrium constant of the 
magnesium vaporization reaction using HSC Chemistry.[50] 
Based on the observation that magnesium comes out of the flux as vapor, the 
second current jump at the higher potential is due to the following half-cell reactions: 
Anode: Mg(alloy)- Mg2+ + 2e- (2-6) 
Cathode: Mg2+ + 2e- - Mg(g) (2-7) 
The overall reaction that corresponds to the measured current jump at the higher 
potential is expressed by 
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Mg(alloy)- Mg(g) (2-8) 
In this reaction, the reduced magnesium at the cathode nucleates into bubbles. The 
electrorefining potential corresponding to the second current jump, as shown in Figure 
2.3, is referred to here as the electrorefining potential for magnesium bubble nucleation 
(EeRz). The theoretical expression of E ERZ for reaction (2-8) is given by Equation (2-9) 
according to Nernst equation [49] and plotted in Figure 2.4. EERZ depends on the ratio of 
the activity of the nucleated magnesium at the cathode and the activity of the magnesium 
in the scrap alloy. 




where aMcCnuc.> and PMg(nuc.) are the activity and the partial pressure of the magnesium 
bubble nucleated at the cathode, respectively. 
As the magnesium content in the scrap decreases, the value of E ERZ increases. 
The experimental result of EERZ of each potentiodynamic scan is shown in Figure 2.3 and 
its dependence on time is plotted in Figure 2.5. The experimental value of E ERZ increased 
with time during refining, which indicates that the magnesium content in the scrap 
decreased with refining time. The magnesium was much more soluble in the flux used 
than Al or other impurities; i.e., the flux acted as a selective medium, allowing 
magnesium to dissolve. Forming gas bubbling in the flux removed the magnesium from 
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Figure 2.4. Theoretical values .of the electrorefining potential for bubble nucleation 
(based on Equation (2-9)) for different magnesium activity coefficients. 
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Figure 2.5. Variation of electrorefining potential for bubble nucleation during 
refining. 
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Solving Equation (2-9) for the activity of magnesium in the scrap alloy, aMg(alloyl , 
gives 
p Mg (nuc.) - I ( 2FE ER 2 J 
aMg(alloy) = y XMg(alloy) = pO exp t .RT 
Mg I 
(2-10) 
As the flux is dominated by ionic species, t; can be set to 1. P Mg(mtc.l is set to 
l.Olxl05 Pa because the pressure above the flux is approximately l.Olx105 Pa. The 
dependence of a Mg(alloy) on time is plotted in Figure 2.6. The activity of magnesium in 

















Figure 2.6. The activities of magnesium in the scrap alloy (circle), and of magnesium 
dissolved in the flux at the cathode (square). 
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Subtracting EERJ from EER2, 
E -E = tiRT ln pMg(nuc.) / p~g 
ER2 ERI 2F aMg(jlux ) 
(2-11) 
Solving Equation (2-11) for the activity of magnesium dissolved in the flux at the 
cathode, aMg (Jila), gives 
a = PMg( jlux) = PMg( nuc.) ex -1 [2F(E£R2 -EERI)J 
Mg(j/1a ) pO pO P t .RT 
Mg Mg 1 
(2-12) 
The experimental value of E ERI from each potentiodynarnic scan is obtained from 
Figure 2.3. The dependence of aMg <fl•a> as a function of time is shown in Figure 2.6. The 
P Mg< fl•a l is determined by the dissolution rate of magnesium from the magnesium scrap 
alloy into the flux and the evaporation rate of the dissolved magnesium into the gas 
phase, so is aMg( flux) . 
It has been shown that the potentiodynamic scan results can determine the 
electrorefining potential for magnesium dissolution (EERJ) as well as magnesium bubble 
nucleation (EER2) in the flux during refining. Based on the knowledge of EERI and EER2> 
the activities of magnesium in the scrap alloy and in the flux can be calculated. Thus the 
amount of magnesium in the scrap alloy and in the flux can be estimated and monitored. 
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2.1.5 Results and Discussions on the SOM Electrolysis Step 
Once the electrorefining potential for bubble nucleation reached 0.13 V, the YSZ 
tube was lowered into the flux , and the anode was switched from the scrap alloy to the 
liquid silver and carbon rod inside the YSZ tube as shown in Figure 2.1. Once the 
applied potential exceeded the dissociation potential of MgO, oxygen anions were 
transported out of the flux through the oxygen-ion-conducting YSZ membrane and were 
oxidized by the carbon rod while the magnesium cations were reduced to magnesium at 
the cathode. 
Electrolysis was performed for a total of two hours at a potential of 3 V. The 
curve labeled "PDSa" in Figure 2.7 shows the initial potentiodynamic scan before any 
SOM electrolysis was performed, and shows a leakage current of -0.35A due to the 
dissolution of magnesium from the scrap alloy into the flux. 
The curve labeled "SOM electrolysis I" in Figure 2.8 shows the current-time 
relationship during the first hour of electrolysis. Current efficiency is defined as the ratio 
of faradic current to total applied current. In SOM electrolysis, faradaic current is the 
percentage of the total current involved in magnesium production. According to the 
stoichiometry of reaction (2-1), the magnesium production rate is directly related to the 
evolution rate of carbon monoxide produced from the reaction of the carbon rod and 
oxygen on the anode side of the YSZ membrane. Therefore, the faradaic current was 
calculated by measuring the evolution rate of carbon monoxide. Based on the volume of 
carbon monoxide generated, magnesium reduced at the cathode was calculated to be 
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0.18g during the first hour of SOM electrolysis. The current efficiency was calculated to 
be approximately 41 % for the first hour of electrolysis. 
The curve labeled "PDSb" in Figure 2. 7 shows the potentiodynarnic scan before 
the second hour of SOM electrolysis, and shows an increase in leakage current due to a 
higher concentration of magnesium dissolved in the flux. The curve labeled "SOM 
electrolysis 2" in Figure 2.8 shows the current-time relationship during the second hour 
of SOM electrolysis. For the second hour of electrolysis, the current efficiency was 39%, 
and the amount of magnesium reduced was 0.22 g, very similar to the first hour. The total 
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Figure 2.7. Potentiodynamic scans showing the current-potential relationships 
before the first hour of SOM electrolysis (PDSa) and also before the second hour of 




\. SOM electrolysis 2 
-




0 ~----~'------~'------~' ----~----~------~ 
0 10 20 30 40 50 60 
Time (min) 
Figure 2.8. The current-time plot during the first hour of electrolysis (SOM 
electrolysis 1) and also in the second hour of electrolysis (SOM electrolysis 2). 
2.1.6 Post-experimental Characterization 
(a) (b) 
Figure 2.9. (a) A photograph of magnesium collected inside the condenser and (b) 
EDS analysis for the collected magnesium. 
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After the experiment, the setup was disassembled. Figure 2.9(a) shows the 
collected magnesium on the stainless steel shim along the sidewall of the condenser. The 
magnesium deposit was analyzed by energy-dispersive X-ray spectroscopy (EDS) and 
was found to be 99.6% (metal basis) pure magnesium. The EDS spectrum of the 
magnesium deposited is shown in Figure 2.9(b), and there is no detectable aluminum or 
iron in the magnesium deposit. 







Figure 2.10. (a) Mg-Al scrap alloy residue at the bottom of the alloy crucible and (b) 
EDS analysis for the scrap alloy residue. The presence of Au in the EDS spectrum is 
due to the use of Au coating in EDS characterization. 
From a starting amount of 9.6g of magnesium in the alloy, the total magnesium 
collected in the condenser from both the refining and SOM electrolytic steps was 
weighed and found to be 7.4g. Considering the amount of flux used (680g) and the 
measured magnesium solubility in the flux (0.03w%), this implies that only 79% of the 
magnesium was recovered from the alloy. However, when EDS was performed on the 
alloy residue as shown in Figure 2.1 O(a), no measurable magnesium remained in the alloy 
residue. Thus approximately 100% of the magnesium was refined from the alloy. Out of 
the approximately 2.2g of uncollected magnesium, some deposited in other parts of the 
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setup, and the rest remained in the flux. It is to be noted that the alloy residue contained 
iron, chromium (Cr), nickel (Ni), and manganese (Mn) from the alloy crucible made of 
SS-304; see Cr, Ni, and Mn traces found in the EDS analysis in Figure 2.1 O(b ). 
2.2. Magnesium Recovery from AZ91 Magnesium Alloy 
2.2.1 Experimental Setup 
This second recycling experiment employed an AZ91 magnesium alloy and 
included only a refining step. Figure 2.11 shows the setup design for the experiment 
using the AZ91 magnesium alloy. This setup is the same as the one used in the 
experiment with the 50.5w% Mg-Al alloy except that the YSZ tube was replaced by a 
SS-304 solid rod serving as an alternate anode. The alternate anode was insulated from 
the reaction chamber by an alumina spacer. The setup was also heated in argon and the 
upper reaction chamber was heated to 1150 oc. 
AZ91 Mg alloy contains roughly 9w% aluminum and 1 w% zinc, and the 
remainder is magnesium. A 10.7-g AZ91 Mg alloy was first melted in the alloy crucible. 
Then, a 9.2-g piece of 97.9% pure aluminum (Alfa Aesar, USA) was melted together 
with the AZ91 Mg alloy to form 48.39w%Mg-51.07w% Al-0.54w% Zn alloy, in order 
to decrease the partial pressure of magnesium in the alloy. In addition, 2.5g of iron 
powder was added on the top of the Mg-Al-Zn alloy. Six hundred and eighty grams of 
powdered flux (MgF2-CaF2-9w%MgO-I.8w% YF3) was used as the electrolyte. This 
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flux also contained a eutectic mixture of MgF2 and CaF2. Similar to the procedure for the 
50.5w% Mg-Al alloy, a layer of flux was melted to seal the opening of the alloy crucible. 
Figure 2.11. Design of experimental setup for magnesium recovery from AZ91 Mg 
alloy. 
2.2.2 Electrochemical Measurements 
During the single refining step, potentiodynamic scans were performed between 
the chamber containing the AZ91 alloy as the anode and the reaction chamber as the 
cathode to determine the electrorefining potential for magnesium. 
The electronic conductivity of the flux was directly related to the amount of the 
dissolved magnesium in the flux. Electronic and ionic transference numbers (te and tD of 
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the flux between the alternate anode and the reaction chamber were measured to study the 
role of dissolved magnesium in imparting electronic conductivity to the flux. 
The electronic and ionic resistances of the flux can be modeled by two resistors in 
parallel. Therefore, the relationship between the total ohmic resistance (RT), the ohmic 
electronic resistance (Re), and the ohmic ionic resistance (Ri) of the flux between the 
alternate anode and the reaction chamber can be expressed by 
1 1 1 
--=--+--
RT Re Ri (2-13) 
EIS scan was performed between the alternate anode and the reaction chamber to 
determine RT , and it was equal to the value of the high frequency intercept on the real 
axis of the Nyquist plot. The ohmic electronic resistance, R e, was determined by 
performing a potentiostatic hold between the two electrodes. In each potentiostatic hold, a 
constant electric potential ( -0.1 V) is applied and the current response was measured. 
The ohmic electronic resistance, R e. was obtained by dividing the applied potential by the 
non-faradaic current. The non-faradaic current was equal to the total current minus the 
faradaic current. The faradaic current was determined from potentiodynamic scans (5 
mV/s) between the alternate anode and the reaction chamber cathode. It should be noted 
that the anode was switched from the scrap alloy anode to the alternate anode shown in -
Figure 2.11, for the EIS, the potentiostatic holds, and the potentiodynamic scans. 
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According to Equation (2-13), Ri was calculated from the measured values of RT 
and Re. Based on the knowledge of Re and R;, the ionic and electronic transference 
numbers were calculated using Equations (2-14) and (2-15), respectively.[51] 
(2-14) 
R . 
t =1- t. = l 
e 1 R +R 
e z 
(2-15) 
2.2.3 Results and Discussion 
Once the reaction chamber shown in Figure 2.11 reached the desired temperature 
(1150 °C), five potentiodynamic scans labeled from PDS1-AZ91 to PDS5-AZ91 were 
performed over time as shown in Figure 2.12. Similar to the previous experiment, in each 
potentiodynamic scan, the scan rate was 5m V /s, and the current increased linearly as the 
applied potential increased except at the two current jumps. As explained earlier, the first 
current jump corresponds to the magnesium dissolution in the flux at the cathode, and the 
second current jump corresponds to the magnesium bubble nucleation at the cathode. In 
the scans labeled "PDS2-AZ91" and "PDS3-AZ91", the first current jumps were 
missing. It was because the OCV was not stable. The missing of the first current jump 
happened when the starting value of the applied potential exceeded the OCV. The 
dependence of EER2 as a function of time is shown in Figure 2.13. The experimental value 
of EER2 increased with time during refining, indicating that the magnesium content in the 












PDS1 -AZ91 PDS2-AZ91 
0 0.05 
E (V) 
Figure 2.12. Potentiodynamic scans between the scrap alloy anode and the reaction 
chamber cathode showing the current-potential relationships during the refining 
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Figure 2.13. Variation of the electrorefining potential for bubble nucleation during 
refining. 
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During the experiment, potentiostatic holds were applied between the alternate 
anode and the reaction chamber cathode. Figure 2.14 shows a potentiostatic hold at t=2.6 
hours, where the applied potential was 0.105 V and the total current on average was 0.26 
A. The electronic resistance (Re) was calculated by dividing the applied potential by the 
non-faradaic current. The non-faradaic current was equal to the total current minus the 
faradaic current. The faradaic current was calculated from the current-voltage curves 
obtained from the potentiodynamic scans (5 mV/s) between the alternate anode and the 
reaction chamber cathode shown in Figure 2.15. Each current jump corresponded to a 
faradaic current. The faradaic currents for the first and second current jumps in each 
potentiodynamic scan shown in Figure 2.15 were estimated to be 0.032A and 0.038A, 
respectively. Between PDS1 at 3.85 hours and PDS2 at 3.97 hours, the total current 
measured by potentiostatic hold at -0.1 V includes the faradaic currents (0. 7 A) for both of 
the current jumps. After PDS3 at 4.17 hours, the total current measured by potentiostatic 
hold at -0.1 V includes only the faradic current (0.032A) for the first current jump. As the 
magnesium content in the scrap alloy in the alloy crucible decreased with refining time, 
the driving force for magnesium to dissolve from the scrap alloy into the flux also 
decreased. Meanwhile, the forming gas bubbling rate was kept constant. The electrical 
conductivity of the flux before PDS 1 was expected to be higher than that after PDS 1. 
Therefore, the total current measured by potentiostatic hold at -0.1 V before PDS 1 also 
includes currents for both of the current jumps. Therefore, the electronic resistance of the 
flux was calculated, and the dependence of the calculated electronic resistance of the flux 
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Figure 2.14. The current-time plot during a potentiostatic hold between the 
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Figure 2.15. Potentiodynamic scans between the alternate anode and the reaction 


























Figure 2.16. Variation of electronic resistance of the flux during refining. 
The electronic resistance of the flux was directly related to the amount of the 
dissolved magnesium in the flux. This amount was determined by the dissolution rate of 
magnesium from the magnesium alloy into the flux and the evaporation rate of the 
dissolved magnesium from the flux into the gas phase. From t=0.4 hour to t=3.7 hours, 
the electronic resistance of the flux was approximately 0.5 n as shown in Figure 2.16 
because the evaporation rate was about equal to the dissolution rate. From t=3.7 hours to 
t=5.2 hours, the electronic resistance increased because the dissolution of magnesium 
from the alloy slowed down as the magnesium content decreased in the alloy while the 
evaporation continued. The slope of the results of the potentiodynamic scans decreased 
from t=3.85 hours to t=5 hours as shown in Figure 2.15. This implies that the electronic 
resistance was increasing, consistent with the result in Figure 2.16. It should be noted that 
there were two current jumps in each potentiodynamic scan as shown in Figure 2.15. As 
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in the previous experiment, these current jumps correspond to magnesium dissolution and 
magnesium bubble nucleation at the cathode, respectively. Electrochemical impedance 
spectroscopy scans between the alternate anode and the reaction chamber were performed 
to measure the total ohmic resistance of the flux. The dependence of the total resistance 
of the flux as a function of time is shown in Figure 2.17. According to Equation (2-13 ), 
the ionic resistance of the flux shown in Figure 2.18, was calculated from the measured 
values of Re (Figure 2.16) and RT (Figure 2.17). The electronic and ionic transference 
numbers, te and ti, were calculated and shown in Figure 2.19. The flux conductivity is 
dominated by ionic species because ti is close to 1. 












Figure 2.17. Variation of the total ohmic resistance of the flux measured by 


















Figure 2.18. The calculated ionic resistance of the flux during refining. 
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Figure 2.19. The electronic transference number and the ionic transference number 
of the flux between the alternate anode and the reaction chamber. 
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2.2.4 Post-experimental Characterization 
The total magnesium collected in the condenser from refining was weighed and 
found to be 6g. EDS results for the collected magnesium are shown in Figure 2.20(b ). 
From these results, the purity of the collected magnesium was determined to be 99.35w% 
(metal basis). 
The alloy residue remained at the bottom of the alloy crucible as shown in Figure 
2.21(a). The iron powder as well as iron and chromium from the SS-304 crucibles alloyed 
with the scrap. EDS was performed on the magnesium residue, and the results are shown 
in Figure 2.21(b). No measurable magnesium remained in the alloy. Approximately 
100% of the magnesium was refined, of which 6 g of magnesium was collected in the 
condenser. 
(a) 
Figure 2.20. (a) A photograph of magnesium collected inside the condenser and (b) 
EDS analysis for the collected magnesium from the recycling experiment with AZ91 
magnesium alloy. 
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Figure 2.21. (a) Scrap alloy residue at the bottom of the alloy crucible and (b) EDS 
analysis for the scrap alloy residue from the recycling experiment with AZ91 
magnesium alloy. 
2.3. Transport Model of Magnesium Refining 
To understand the magnesium refining, a theoretical model involving the flow 
behavior of the flux, the mass transfer in the flux and the phase change of magnesium is 
proposed. The refining process can be described as follows: The forming gas bubbling 
stirs the flux and induces a circulating motion of the flux. Magnesium diffuses out of the 
chamber containing the scrap alloy, and transports through the flux due to the diffusion 
and convection. The bubbling gas continuously removes magnesium via gas phase. 
2.3.1 The Flow Behavior of the Flux 
The flux flow is governed by the law of conservation of momentum. The 




where ¢1 is the volume fraction of the molten flux, p1 is the molten flux's density 
(approximately 2600 kg/m3 at 1175 °C),[54] ii1 is the molten flux velocity, tis time, p is 
pressure, Tit is the molten flux's dynamic viscosity (0.032 Pa· s),[ 43] and g is the gravity 
vector (9.8 m/s2). The left side of the equation describes acceleration. The first term on 
the left side is the unsteady acceleration that signifies the time dependence of the molten 
flux velocity, and the second term is the convective acceleration caused by a change in 
velocity over position. The right side of the equation is in effect a summation of 
divergence of stress (pressure and shear stress) and body force (gravity). The first term on 
the right side is the pressure gradient, the second term is the viscosity, and the third term 
represents the gravity. 
The laminar bubbly flow mode from COMSOL Multiphysics 4.2a Computational 
Fluid Dynamics (CFD) module was utilized to model the flow induced by the forming 
gas stirring. The bubbly flow physics interface makes it easy to set up a multiphase flow 
model for the forming gas bubbles rising through the molten flux. The bubbly flux mode 
tracks the average phase concentration rather than each bubble in detail, and is therefore 
well suited to model the flow of the molten flux.[52] It solved for the properties such as 
the liquid velocity, gas velocity, the volume fraction of the gas phase, etc. 
Figure 2.22 depicts the geometry of the molten flux system for finite element 
analysis (FEA). The cylinder hole on the top surface represents the bubbling tube; the 
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hollow space inside the flux represents the inverted crucible and the alloy crucible, 
between which there is a gap as labeled in Figure 2.22(a). The model consists of one 
domain with an inlet of forming gas (the bottom of the bubbling tube). The molten flux 
has a diameter of 6.7 em and a height of 8.9 em. The model uses a predefined mesh of 
normal element size. The model assumes the following: (1) constant temperature, flux 
density, and viscosity throughout the system; (2) the wall thickness of the bubbling tube 
is neglected, and the forming gas bubble size is assumed to be half of the inner diameter 
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Figure 2.22. (a) The geometry of the molten flux system, (b) a top view of the 
geometry of the molten flux system, and (c) a full section view of the molten flux 
system. 
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The following boundary and initial conditions are adopted in the simulation. (1) 
The bubbling tube bottom is the forming gas inlet with a flow rate of 20 cm3/min, and 
there is no liquid slip; (2) the top surface of the molten flux is the outlet of forming gas, 
and there is liquid slip; (3) the pressure at the top surface of the molten flux is 1.01x105 
Pa; (4) at the remaining walls, there is no gas flow or liquid slip; and (5) the initial molten 
flux velocity field is zero. The flow profile of the molten flux is solved in transient mode 
with a solution time of 20 seconds and a time step of 0.1 second. 
Figure 2.23 and Figure 2.24 show the flow profile of the molten flux with the 
forming gas flow rate of 20 cm3/min after 20 seconds. The flow profile becomes quite 
stable after 10 seconds. Figure 2.23 shows the flow profile of the molten flux on the 
surface where the maximum velocity magnitude of the molten flux is 5.6 cm/s. The 
arrows on the top surface represent the magnitude and the direction of the velocity. 
Figure 2.24 also shows the molten flux flow profile on the vertical slices where the 
maximum velocity magnitude of the molten flux is 5.9 cm/s. The forming gas bubbling 
induces a circulating motion of the flux on the upper part shown in Figure 2.24, which 
facilitates the convection of magnesium. There is a dead zone at the bottom part of the 
molten flux, which means the velocity magnitude is almost zero and the flux is stagnant. 
The magnesium transport mainly depends on the diffusion at the very bottom zone. This 
suggests that lowering the bubbling tube, increasing the bubbling rate, or using multiple 
bubbling tubes will increase the removal of magnesium via gas phase. For the 
experiments in the following chapters, bubbling tube was lowered to the bottom of the 
flux system. 
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Figure 2.23. The molten flux flow profile on the surface. 
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2.3.2 Magnesium Mass Transport in the Flux 
The magnesium transport in the flux is governed by the law of conservation of 




is the magnesium molar concentration in the molten flux, DM
8 
the diffusion 
coefficient, RM8 the rate of magnesium phase transition from liquid to vapor. Magnesium 
dissolved in the molten flux is removed by the forming gas because the partial pressure of 
magnesium dissolved in flux is higher than that in forming gas. In addition, magnesium 
can vaporize when its concentration exceeds its solubility in flux. A suggested expression 
of RM8 could be 
(2-18) 
where k is a positive coefficient, and ¢
8 
is the volume fraction of forming gas. In 
Equation (2-18), RM
8 




• Equations (2-16), (2-17), and (2-18) 
can be coupled by the common terms u1 , RM8 , and ¢1 • Future work can be done to 
determine DM8 and k in order to simulate the magnesium mass transfer in the flux. 
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2.4. Summary 
This chapter describes recycling magnesium from partially oxidized magnesium 
scrap alloy by combining refining and SOM electrolysis. The combination of novel 
refining and SOM electrolysis steps for recycling magnesium from 50.5w% Mg-Al scrap 
were carried out, and yielded close to 100% removal of magnesium metal. The refining 
step for recycling magnesium from AZ91 Mg alloy was carried out, and it also yielded 
close to 100% removal of the magnesium metal . The magnesium recovered had a high 
purity (99.6w%). In both experiments, a small amount of magnesium could not be 
recovered from the condenser. It deposited in other parts of the system and the rest 
remained dissolved in the flux. 
The refining step involves dissolving magnesium and its oxide from the scrap into 
the flux, followed by forming gas-assisted evaporation of magnesium from the flux. The 
flux catalyzes magnesium removal from the scrap alloy; the solubility of magnesium in 
the salt is much higher than that of aluminum and iron, resulting in almost complete 
removal of magnesium. Compared to other electrorefining processes, the refining step 
described in this paper does not require a high-current electrode to operate in the liquid 
scrap metal; it relies on magnesium solubility in the flux and inert gas purging. During 
refining, potentiodynamic scans were performed to determine E ER2. and the results 
showed that EERZ increased over time as the magnesium content inside the Mg-Al scrap 
decreased. The activities of magnesium in the scrap alloy and in the flux were calculated. 
-50-
This electrical diagnostic measurement provides a new way to estimate and monitor the 
amount of magnesium in the Mg-Al scrap and in the flux. 
This chapter also presents a transport model of magnesium refining. The 
modeling successfully simulates and predicts the flow behavior of the molten flux. It was 
observed that at the bottom of the flux there was a dead zone in which the flux was 
stagnant. The ideal placement of the tubes is discussed for efficient refining. 
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3. LSM (La0.8Sr0.2Mn03_0)-INCONEL INERT ANODE CURRENT 
COLLECTOR 
3.1. Materials Selection for Inert Anode Current Collector 
In the magnesium recycling experiment with a 50.5w% Mg-Al alloy, a carbon 
rod submerged in liquid silver served as the anode current collector during SOM 
electrolysis. The oxygen anions were oxidized by carbon to form carbon monoxide at the 
operating temperature (1175 °C). The carbon monoxide then decomposes into carbon and 
carbon dioxide at a lower temperature according to Boudouard reaction.[55] The use of 
the carbon rod lowers the electric potential needed for MgO dissociation, [ 43] but it 
results in carbon dioxide emission and coking. It has also been reported that a Mo rod or 
a Fe--Cr-Al wire inserted into carbon-saturated liquid metal (tin, copper) can serve as an 
anode current collector.[37], [38], [39], [40] However, it has the same problem of 
resulting in carbon dioxide emission. Another type of anode current collector is a 
molybdenum tube submerged in liquid silver, tin, or copper anode.[31] Hydrogen is 
passed through the molybdenum tube into the liquid metal anode where it oxidizes the 
oxygen anions forming water vapor. Although the electric potential for MgO dissociation 
can be reduced by using this approach,[43] the process consumes a lot of hydrogen gas 
which in turn contributes substantial energy penalty to the process. 
In order to produce pure oxygen, a valuable byproduct, it is critical to develop an 
inert anode current collector for use with the non-consumable liquid silver anode. Liquid 
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silver is thermodynamically stable in oxygen and electrically conductive at the operating 
temperature, and therefore allows oxygen gas to evolve after reaching oxygen saturation 
solubility.[56] The inert anode current collector is immersed in the liquid silver anode, 
and provides a good electrical connection between the liquid silver anode and the DC 
power supply. The inert anode current collector has the following properties: (a) good 
physical and chemical stabilities in oxygen and liquid silver at the operating temperature; 
(b) excellent thermal shock resistance and mechanical robustness; and (c) high electrical 
conductivity from ambient temperature (20 oq to the operating temperature. 
A wide range of candidate materials has been investigated to serve as inert anode 
current collectors. Platinum is oxidation resistant and electronically conductive at the 
operating temperature ( -1150 °C), but it dissolves in liquid silver.[57] It has been 
reported that iridium served as an inert anode in molten oxide electrolysis and as an inert 
anode current collector in SOM electrolysis for oxygen evolution.[58], [59] However, the 
high price of iridium limits its large-scale use. Oxidation resistant alloys and refractory 
metals are also worth consideration.[60] , [61] However, steels and nickel alloys rapidly 
oxidize at the operating temperature of SOM electrolysis. Refractory metals including 
niobium, molybdenum, tantalum, tungsten and rhenium are also easily oxidized, and 
generally have significantly higher electrical resistance than pure metals. All these 
challenges provide motivation for the development of a cost-effective, high-performance, 
and eco-friendly inert anode current collector. 
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In this chapter a novel inert anode current collector design is presented. This 
current collector incorporates a piece of sintered strontium-doped lanthanum manganite 
(Lao.8Sr0.2Mn03.0 or LSM) bar and an oxidation resistant Inconel alloy rod, which are 
connected by a liquid silver contact. LSM is one of the most investigated cathode 
materials in solid oxide fuel cells.[55] , [60], [62] It is also a material of choice for the 
inert anode current collector in SOM experiments because of its tolerance of high 
temperature and oxygen environment while maintaining relatively high electrical 
conductivity and very low ionic conductivity. Inconel alloy 601 rod has an adequate high-
temperature oxidation resistance and maintains high conductivity from room temperature 
to the operating temperature.[63] Liquid silver contact wets both LSM bar and Inconel 
alloy 601 rod and electrically connects them. In this work, an alumina sheath protects the 
Inconel from oxidation in the high-temperature pure oxygen environment, and a 
combination of alumina paste and LSM powders forms a tight seal preventing oxygen 
from entering the alumina sheath. This design of the inert anode current collector takes 
advantages of the respective properties of the LSM bar, the Inconel alloy 601 rod, and the 
liquid silver contact. The design details will be described in section 3.2 in this chapter. 
SOM electrolysis experiments with the new LSM-Inconel current collector are carried 
out and performance comparable to the state-of-the-art SOM electrolysis for magnesium 
production employing the non-inert anode has been demonstrated. 
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3.2. Design of LSM-Inconel Current Collector 
Figure 3.1 (a) shows a schematic of the cross section of an LSM-Inconel current 
collector, and Figure 3.1(b) shows a picture of an as-prepared current collector. The 
current collector is comprised of six components: an LSM bar, alumina paste, an alumina 
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Figure 3.1. (a) Schematic of the cross section of an LSM-Inconel inert anode current 
collector and (b) a picture of an as-prepared current collector. 
Two different types (dimensions) of LSM bars were made. The first type was 
used in the current collector for stability test and the second type was used in the current 
collector for SOM electrolysis experiment. 
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To make the first type of LSM bar, 3.5g of LSM powder (fuelcellmaterials.com, 
USA) was placed in a die and pressed uniaxially (8.62x107N/m2 or 12500psi). The green 
bar (31.5mrn x 4.8mm x 4.5mrn) was then placed over a zirconia plate with some LSM 
powder underneath to prevent the LSM bar from sticking to the zirconia plate during 
sintering. The green bar on the zirconia plate was fired in open air using the following 
schedule and a 3 °C/min ramp rate: ramp to 300°C, hold for 2 hours, ramp to 700°C, hold 
for 1 hour, ramp to 1350°C, hold for 3 hours, and then ramp down to room temperature. 
The dimensions of the LSM bar after sintering were 27.6mm x 4.4mm x 4.1mm. Bulk 
density of the LSM bar was measured to be 6.3g/cm3, close to the theoretical density of 
LSM (6.5g/cm\[64] 
The second type of LSM bar was used for SOM electrolysis experiments. The 
green bar was prepared by uniaxially pressing 1.5g of LSM powder in another die 
(5.52xl07N/m2 or 8000psi). The dimension of the green bar was 18.8mrn x 3.8mrn x 
3.3mrn. Following the same heating procedure as before the LSM bar was sintered. The 
dimension after sintering was 16.5mrn x 3.4mrn x 2.9mrn and bulk density was 6.1 
g/cm3. The sintered LSM bars were sufficiently dense to prevent percolation of oxygen 
gas. In addition, LSM has very small oxygen ion conductivity, on the order of 10-7 to 10-6 
S/cm at 1000°C, indicating that the bulk diffusion of oxygen anions must be negligible as 
wel1.[65] 
In the current collectors used for the stability tests, Aremco Ceramabond 552 
alumina paste (Aremco Products, USA) joined the LSM bar with the alumina sleeve 
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(CoorsTek, USA) having an outer diameter of 9.5mm and an inner diameter of 6.4mm. 
The middle of the LSM bar was painted with the alumina paste, and then the LSM bar 
was partly inserted inside the alumina sleeve. The gap between the alumina sleeve and 
the LSM bar was partly filled with the alumina paste. The alumina paste joint was dried 
at room temperature for 24 hours and then fired in open air at 250°C for 2 hours. 
Afterwards, a leak test was performed by using a soap solution and slightly pressurizing 
the inside of the current collector with Ar. No bubbles were observed which confirmed 
that the system was leak-tight. A layer of LSM powder (approximately 0.03g) was added 
inside the alumina sleeve above the alumina paste, and then 2.5g of silver chunks was 
added on top to make contact between the LSM bar and the 92-cm long Inconel alloy 601 
rod (High Temp Metals, USA). The sizes of the silver chunks were larger than the gap 
between the alumina sleeve and the LSM bar to avoid the solid silver chunks from falling 
into the gap. Otherwise, the thermal expansion of the solid silver in the gap could cause 
the LSM bar to break during heating. At the operating temperature, the silver was liquid 
and served as a contact to electrically connect the LSM bar and the Inconel alloy 601 rod 
on top (see Figure 3.1 (a)). The liquid silver contact wet both the LSM bar and the 
Inconel alloy 601 rod, and thus could reduce the interfacial resistances. The layer of LSM 
powder served as a seal between the alumina paste and the liquid silver contact. The 
alumina paste and the layer of LSM powder kept the liquid silver contact from leaking 
out. This is important because silver has high solubility and diffusivity of oxygen, and a 
silver leak would provide a path for oxygen diffusion resulting in the oxidation of the 
Inconel alloy 601 rod.[66] In addition, the alumina sleeve together with the alumina paste 
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and the LSM bar protected the Inconel alloy 601 rod from oxidation by the outside 
oxygen gas. The inside of the current collector was continuously purged using Ar mixed 
with small desired amounts of oxygen (Airgas, USA). 
The current collector used in the SOM electrolysis experiment had the same 
materials and design except for the different dimension of the LSM bar, the alumina 
sleeve, and the amount of the silver contact. The LSM bar (second type) was 16.5mm x 
3.4mm x 2.9mm, the alumina sleeve had an outer diameter of 8.0mm and an inner 
diameter of 5.6mm, and the mass of silver contact was 1.6g. 
3.3. LSM-Inconel Current Collector Stability Tests 
The LSM-Inconel current collector was tested in a simulated operating 
environment before the actual SOM electrolysis experiments were conducted. The focus 
of the tests was on the current collector's electrical and mechanical stabilities at the 
operating temperature. Figure 3.2 shows the schematic of the test setup. An alumina 
crucible with silver was heated to 1150°C in air. At the test temperature, the Inconel rods 
were lowered to make contact with the liquid silver inside the alumina sleeve. The LSM 
bar of each current collector was then immersed in the liquid silver in the alumina 
crucible. The inside of the two current collectors were both continuously purged using 
ultra high purity (UHP) Ar with 10-7% (10-3ppm) 0 2 in the first test, Ar with 0.2% 
(2x103ppm) 0 2 in the second test, and Ar with 1% (104ppm) 0 2 in the third test. The flow 
rate of the purge gas was always maintained at 20cm3/rnin. 
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Electrochemical impedance spectroscopy (EIS) was conducted between the two 
Inconel alloy rods of the current collectors to measure the electrical resistance of the two 
current collectors. The EIS scans were conducted with a Princeton Applied Research 
263A potentiostat and a Solartron 1250 frequency response analyzer. The EIS results 
were used to investigate the effect of oxygen partial pressure ( P0 2 ) inside the LSM-
Inconel current collector on the electrical resistance of the current collector. A critical 







Figure 3.2. Schematic of the current collector stability test setup. 
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In the first experiment, UHP Ar consisting of 10-7% 0 2 was used to purge the 
inside of the current collectors. EIS scans were performed every 10 minutes over a 4-hour 
period to measure the total ohmic resistance of the two current collectors (see Figure 3.2). 
Since the two current collectors were identical, one current collector' s electrical 
resistance was half of the total measured ohmic resistance. The electrical resistance of 
one single current collector over time is shown in Figure 3.3 (square) . These 
experimental data were fitted into a straight line with slope 0.00 180/hour and y-intercept 
0.150. The slope was the electrical resistance increase rate, and the y-intercept was the 
electrical resistance of the current collector at the beginning of the experiment. The 
second experiment employed Ar containing 0.2% 02 as the purge gas. The electrical 
resistance of one single current collector is shown in Figure 3.3 (diamond). The 
experimental data were also fitted into a straight line with slope 0.00110/hour and y-
intercept 0.120. The third experiment used Ar consisting of 1% 0 2• The single current 
collector's electrical resistance is also shown in Figure 3.3 (circle). Similarly, the 
experimental data were fitted into a straight line with slope 0.00220/hour and y-intercept 
0.1040. Over a period of four hours, the electrical resistance of the LSM-Inconel current 
collectors increased by 4.8%, 3.7%, and 8.5% in the three experiments, respectively. 
In all the three experiments, it was observed that the current collectors were intact 
and in good shape after being taken out of the furnace, and no silver contact between the 
LSM bar and the Inconel rod leaked out. Table 3-1 summarizes the parameters of the 
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Figure 3.3. Variation of the resistance of a current collector measured over a 4-hour 
period at 1150 oc in the tests with UHP Ar (square and solid line), Ar/0.2% 0 2 
(diamond and dash-dot line), and Ar/1 %02 (circle and dotted line). 
Table 3-1. Parameters of the fitted straight lines and the increase in the electrical 
resistances of the current collectors over 4 hours at 1150 oc in the three tests. 
Slope (Q/hour) Y -intercept (Q) Electrical resistance increase 
UHPAr 0.0018 0.15 4.8% 
Ar/0.2%02 0.0011 0.12 3.7% 
Ar/1 %02 0.0022 0.104 8.5% 
Theoretically the electrical resistance of an LSM-Inconel current collector is 
influenced by the following: 
(a) resistance of the LSM bar; 
(b) resistance of the Inconel rod; 
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(c) resistance of the liquid silver contact; 
(d) resistance of the lead wire in external circuit; 
(e) interfacial resistance between the Inconel rod and the liquid silver contact; and 
(f) interfacial resistance between the LSM bar and the liquid silver contact. 
The contribution from (f) is negligible and expected not to change in the three tests 
because the liquid silver wets the LSM bar as observed in post-experimental 
characterization. The contribution from (b), (c), and (d) are also insignificant and 
expected not to change between the three tests because the Inconel rod, the liquid silver, 
and the lead wire are conductive metals. The dominant resistance elements which are 
expected to change depending on the test environments are (a) and (e) as explained 
below. 
LSM is a p-type conductor. It has been reported that the electrical conductivity of 
LSM is nearly constant in the high P02 region, but decreases with decreasing P0 2 in 
oxygen-deficient region from 10-1Pa (lppm) tO 10-7Pa (10-6 ppm) at both 1100°C and 
1200°C.[67] In the stability testing experiments at 1150°C, the bottom of the LSM bar 
was exposed to air, and its top part was covered by the liquid silver contact, as shown in 
Figure 3.1(a). The oxygen in the purge gas equilibrated with the oxygen dissolved in the 
liquid silver contact, and thus affected the electrical conductivity of the LSM bar. In the 
first experiment where UHP Ar was used, the measured electrical resistance of the 
current collector was higher than those measured in the other two tests. Therefore, to 
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ensure a high electrical conductivity of the LSM bar, the P0 2 in the purge gas must be 
greater than 10-1Pa. 
Although the Inconel alloy 601 has a good oxidation resistance and the liquid 
silver contact wets the Inconel rod, the P0 2 inside the current collector should not be too 
high. Otherwise, the Inconel rod where it contacts the liquid silver could oxidize and 
increase the interfacial resistance between the Inconel rod and the liquid silver contact. 
As observed in the third experiment, the increase of the electrical resistance was the 
highest (0.0022!1/hour) in 1% 0 2 (103Pa). The electrical resistance increase was related 
to the electrical stability of the LSM-Inconel current collector. To have a high electrical 
stability for the LSM-Inconel current collector, it is required to set the P0 inside the 2 
current collector to less than 1 03Pa. 
Based upon the LSM electrical conductivity and the Inconel rod oxidation, the 
operational P0 2 was determined to be between 10
3 and 10-1Pa in order to maintain both a 
low electrical resistance and a relatively high electrical stability for the current collector. 
Therefore, the SOM electrolysis experiments were conducted by maintaining an oxygen 
partial pressure of lOPa (lOOppm) within the current collector; this was achieved by 
using an Argas tank with lOOppm oxygen. 
3.4. SOM Electrolysis Experiment with LSM-Inconel Current Collector 
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Figure 3.4. Schematic of the SOM electrolysis setup with an LSM-Inconel inert 
anode current collector. The components of the setup are indicated by the solid 
arrows. The dashed arrows show the UHP Ar flow: CD Ar flow through the bubbling 
tube into the reaction chamber, @ Ar flow through the annulus between the 
bubbling tube and its outside SS-304 tube, ® Ar flow through the annulus between 
the YSZ membrane and its outside SS-304 tube , @) Ar and Mg vapor mixture flow 
through the venting tube leading to the condensing, and® Ar flow out. 
After the stability test experiments, the LSM-Inconel current collector was 
prepared as outlined earlier and evaluated in an actual SOM electrolysis experiment. 
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Figure 3.4 shows the schematic of a SOM electrolysis setup. It consisted of an upper 
reaction chamber heated to 1150°C and a lower chamber (condenser) having a 
temperature gradient of -1100 octo -200 °C. The setup was fabricated using grade 304 
stainless steel (SS-304) and heated in industrial grade Ar (Airgas, USA). Inside the 
reaction chamber, 470g of powdered flux ( 45w% MgF2-55w% CaF2 containing lOw% 
MgO and 2w% YF3) was used to form the molten electrolyte. A one-end-closed 6mol% 
YSZ tube (McDanel Advanced Ceramics, USA) separated the flux from 44g of liquid 
silver encased inside the YSZ tube. Similarly, the 30.48cm YSZ tube was attached to an 
alumina tube with Aremco 552 and 516 ceramic pastes providing an airtight seal. The 
LSM-Inconel current collector was disposed in the YSZ tube and the LSM bar of the 
current collector was submerged in the liquid silver anode. The Inconel rod in the current 
collector was lowered into the liquid silver contact once the system reached the 
experimental temperature. The flow rate of the purge gas inside the current collector was 
maintained at 20cm3/min. An SS-304 bubbling tube served as the cathode. Alumina 
spacers were used to electrically isolate the YSZ membrane and the bubbling tube from 
the reaction chamber. When an applied potential exceeded the dissociation potential of 
MgO, magnesium vapor was produced at the cathode and oxygen evolved at the anode. 
The overall cell reaction is given as: 
1 
MgO = Mg(g) + - 0 2 (g) 2 
- 65-
(3-1) 
An Agilent Technologies N5743A power supply was used to perform potentiostatic scans 
and electrolysis runs. Potentiodynarnic scans at 5mV/s were performed between the 
Inconel rod and the bubbling tube to determine the dissociation potential of MgO. 
Electrolysis runs were performed by applying a constant electric potential greater than the 
dissociation potential of MgO. Oxygen gas evolution was observed at the anode once the 
liquid silver anode became saturated with oxygen. The anode exit gas first passed through 
a FMA-4305 digital flow meter (OMEGA Engineering, USA) and subsequently through 
an oxygen sensor. The flow meter measured the flow rate of the anode exit gas to assist in 
calculating the current efficiency of SOM electrolysis. The oxygen sensor measured the 
P0 2 in the anode exit gas. 
During the experiment, the reaction chamber was continuously purged with UHP 
Ar at 125cm3/rnin through the bubbling tube and at 180cm3/min through each of the two 
annuli at the top of the reaction chamber. This was done to lower the partial pressure of 
magnesium vapor over the flux and to carry the magnesium vapor into the condenser (see 
Figure 3.4). The magnesium vapor in the condenser was cooled and condensed on a steel 
shim placed along the inner walls of the chamber. The Ar flow down the annulus between 
the YSZ tube and the outside SS-304 tube also prevented magnesium diffusion upward 
where it could condense or react with the YSZ tube. The bubbling also stirred the flux to 
facilitate the transport of magnesium vapor out of the flux and achieve chemical 
homogeneity in the flux. 
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3.4.2. Electrochemical Characterization 
Figure 3.5 shows the AC impedance measured between the LSM-Inconel current 
collector and the reaction chamber. The cell ohmic resistance was measured to be 0.5770. 
before any electrolysis. The cell ohmic resistance included the resistances of the 
electrolyte flux, the YSZ membrane, the electrodes, the lead wires, and the contact 
resistances associated with all the interfaces. This value of the ohmic resistance was 
similar to earlier reported SOM electrolysis cell resistance with non-inert anodes.[43] 
Afterwards, a potentiodynamic scan between the Inconel rod and the bubbling tube was 
conducted, and the current-potential relationship is shown in Figure 3.6. The dissociation 
potential of MgO was identified to be approximately 2.15V at the deflection point of the 
current-potential curve which is close to the standard Nernst potential (2.3V) for the 
reaction 2Mg0 = 2Mg + 0 2(g) at 1150°C (operating temperature). 
The leakage current was observed to be approximately 0.5A prior to an 
electrolysis experiment. No magnesium was yet produced to dissolve in the flux and 
carry electronic current. It has been reported that the trace oxygen impurity in the 
reaction chamber contributes to the leakage current.[9] Additionally, the leakage current 
is also caused by the impurity oxides (such as iron oxide) dissolved in the flux with 
higher cation electronegativity than magnesium. In the following electrolysis, these small 
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Figure 3.5. Electrochemical impedance spectroscopy results before the first 
electrolysis (diamond) and before the second electrolysis (square) at 1150°C. The 
cell ohmic resistances were 0.577Q and 0.523!!, respectively. 
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Figure 3.6. Potentiodynamic scan (5 mV/s) showing the current-potential 
relationship before any electrolysis. The dissociation potential of MgO was 
identified to be approximately 2.15 V. 
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First electrolysis at 2.75V over 3.25 hours is shown in Figure 3.7. This 
electrolysis experiment is of particular interest because the current density initially 
decreased at the beginning of the experiment, but then increased towards the end of the 
experiment. The initial decrease in current is believed to be caused by the mass transfer 
limitation of MgO. After some time, however, the rate of increase of electronic current 
due to the dissolution of magnesium metal in the flux became greater than the rate of 
decrease of ionic current due to the mass transfer limitation. Thus, the overall current 
began to increase towards the end of the electrolysis experiment. The P0 2 in the anode 
exit gas was monitored and measured to be approximately 6.767x104Pa (0.67atm), more 
than three times the P0 2 in the air (0.21atm). The oxygen evolution rate was measured 
using mass flow meters ( -3.2cm3/min). The small flow rate of oxygen into the oxygen 
sensor is likely causing the measured P0 2 in the anode exit gas to be less than latm. 
Figure 3.7 also shows the current efficiency in this electrolysis, which was 
determined based on the ratio of faradaic current corresponding to the oxygen evolution 
rate to the total measured current. For the first 2 hours, the SOM electrolysis had high 
current efficiencies approximately 90%. However, as the electrolysis continued, the 
current efficiency gradually dropped. It was 66% at the end of this electrolysis. It has 
been shown that magnesium has a finite solubility in the flux .[28], [48] During the 
electrolysis, magnesium dissolved in the flux and imparted electronic conductivity to the 
flux , which, in turn, reduced the current efficiency. In order to reduce the solubility of 
magnesium, electrolysis was halted for 1.5 hours, and argon bubbling was continued to 
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stir the flux and remove the dissolved magnesium from the flux. AC impedance 
measurements were made before the second electrolysis, as shown in Figure 3.5. The cell 
ohmic resistance was measured to be 0.5230, similar to what was measured before the 
first electrolysis, and this indicated that the LSM-Inconel current collector was stable as 
an electrical conductor. It is believed that the small decrease of the cell ohmic resistance 









---Current during Electrolysis 
• Current Efficiency 

















Figure 3.7. The current-time plot (solid curve) and the current efficiency (solid 
square) during the first electrolysis at 2.75 V over 3.25 hours at 1150°C. 
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A second electrolysis at 2.75V over 5 hours is shown in Figure 3.8. The current 
decreased gradually with time and the P0 in the anode exit gas was measured to be 2 
approximately 6.666x104Pa (0.66atm). Figure 3.8 also shows the current efficiency in the 
second electrolysis. The current efficiency dropped significantly to 40-50% due to 
magnesium dissolution in the flux. 
All the above electrochemical measurements showed that the current collector had 
low resistance and excellent stability during the experiment. 
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Figure 3.8. The current-time plot (solid curve) and the current efficiency (solid 
square) during the second electrolysis at 2.75V over 5 hours at 1150°C. 
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3.4.3. Post-experimental Characterization 
After the SOM electrolysis experiment, the furnace was cooled and the setup was 
disassembled. Figure 3.9(a) shows the magnesium collected on the stainless steel shim 
lining the inner walls of the condenser. The total magnesium collected was weighed and 
found to be 0.87g. However, the theoretical magnesium generation calculated from the 
oxygen evolution is approximately 2.2g. The low observed yield (40%) was partly due to 
the magnesium condensing in other parts of the reactor, Mg dissolution in the flux (some 
magnesium remained in the flux and was not collected in the condensing chamber), and 
the dissociations of impurity oxides (like Fe20 3 from the reaction chamber wall) 
dissolved in the flux. The EDS spectrum of the collected magnesium shows no detectable 
impurities such as calcium, iron, etc. ; see Figure 3.9(b). 
(a) (b) 
Figure 3.9. (a) Magnesium collected on the stainless steel shim lining the inner wall 
of the condenser is shown in scale with a quarter dollar coin. (b) EDS analysis for 
the collected magnesium. 
The LSM-Inconel current collector was separated for characterization. The LSM-
Inconel current collector was sectioned by an IsoMet 1000 Precision diamond saw 
(Buehler, USA) along the directions (D and (II), as labeled in Figure 3.l(b). The samples 
were then impregnated with epoxy in vacuum. After the epoxy hardened, the samples 
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were polished and coated with a 1 Onm Au layer for scanning electron microscope (SEM) 
and energy-dispersive X-ray spectroscopy (EDS) characterization. SEM and EDS 
analyses were performed on a JSM-6100 JEOL scanning electron microscope with an 
Oxford ISIS energy-dispersive X-ray spectrometer. 
Figure 3.1 0 shows SEM images of cross section (I) (see Figure 3.1 (b)) of the 
LSM-Inconel current collector. LSM bar was chemically stable when in contact with 
alumina paste. The cracks at the cross section of LSM bar likely resulted from the 
sectioning process during sample preparation. If it occurred during SOM electrolysis, 
increase in the resistance would have been observed during the electrochemical 
measurements. It is believed that the LSM bar could have reacted with alumina to form 
aluminates which generated a solid layer and prevented further reaction.[68] Silver was 
not observed in these images, indicating the liquid silver contact did not leak out. 
Figure 3.10. SEM micrograph of the cross section (I) of the LSM-Inconel current 
collector after SOM electrolysis. 
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Figure 3.1l(a) shows the cross section (II) (see Figure 3.1 (b)) of the current 
collector, and it shows the silver contact stayed above the alumina paste. Figure 3.ll(b) 
shows an SEM image of the cross section (II) with the LSM bar and the surrounding 
silver contact. The silver contact wets the LSM bar during the experiment. Figure 3.11(c) 
shows the interface between the silver contact and the LSM bar at higher magnification, 
and a line along which composition was measured by EDS. Figure 3.11(d) shows the 
EDS line scan signals of silver, lanthanum, strontium, and manganese across that 
interface. The silver scan extends approximately 15 1.1m and shows a gradual drop in 
concentration to negligible levels as the scan enters 5 Jlm into the LSM. Correspondingly, 
the LSM scan extends approximately 5 Jlm and gradually drops in concentration to 
negligible levels of La, Sr, and Mn over the next 5 Jlm. This indicates that the 
interdiffusion zone is approximately 5 Jlm. 
An SEM image of the cross section III (see Figure 3.1(b)) of the LSM bar in the 
liquid silver anode is provided in Figure 3.12. The cracks observed in the figure occurred 
as before during sample preparation. The interaction between LSM and the liquid silver 
was similar to what was reported in Figure 3.ll(d) 
Overall, the LSM-Inconel current collector was electrically conducting and 
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Figure 3.11. (a) A photograph of the cross section (II) of the current collector 
mounted in epoxy after SOM electrolysis. (b) An SEM image of the cross section (II) 
of the current collector. (c) The interface between the silver contact and the LSM 
bar. (d) The EDS line scan results for Ag, La, Sr, and Mn. 
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Figure 3.12. An SEM image of the cross section (III) of the LSM bar submerged in 
the liquid silver anode. 
3.5. Summary 
In this chapter the stability and electrical property of LSM-Inconel inert anode 
current collector was evaluated for application in SOM electrolysis experiments at 
1150°C. The electrical resistance of the current collector was measured using EIS. The 
critical P02 at which the LSM- Inconel current collector had superior chemical and 
electrical stabilities was determined to be on the order of lOPa. The SOM electrolysis 
experiment was successful in producing magnesium at the cathode and oxygen at the 
anode. Electrochemical measurements during SOM electrolysis indicated excellent 
electrical stability of the LSM-Inconel current collector. After the SOM electrolysis 
experiment, the LSM-Inconel current collector was intact and showed no visible signs of 
degradation, suggesting its high durability and reusability. Microstructural 
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characterization of the LSM-Inconel current collector confirmed its chemical and 
structural stabilities. 
At the beginning of the SOM electrolysis, the current efficiency maintained 
approximately 90%. However, as the electrolysis continued, the current efficiency 
dropped significantly to 40-50% due to electronic current in the flux caused by dissolved 
(soluble) magnesium. The influences of the magnesium dissolution on the electronic 
conductivity of the flux and the current efficiency of SOM electrolysis will be further 
investigated through theory and experiment in the next chapter. 
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4. ELECTRONIC CONDUCTIVITY OF THE FLUX IN SOM 
ELECTROLYSIS 
4.1. Effects of the Magnesium Solubility in the Flux 
In both refining and SOM electrolysis for recycling magnesium, magnesium 
solubility in the flux plays an important role. On one hand, high magnesium solubility in 
the flux facilitates refining. The high magnesium solubility provides a strong driving 
force for the magnesium to transport from the magnesium scrap alloy into the flux. 
Meanwhile, the argon bubbling gas removes the dissolved magnesium from the flux. The 
high magnesium solubility partners with the argon gas bubbling to create a magnesium 
chemical potential gradient for efficiently recovering magnesium. The refining 
technology is an effective and robust way to recycle pure magnesium from magnesium 
scrap alloy as described in chapter 2. On the other hand, lower magnesium solubility 
benefits the SOM electrolysis. The dissolution of magnesium imparts electronic 
conductivity to the flux, which negatively affects the SOM electrolysis in two ways: 
First, the electronic conductivity of the flux decreases the SOM electrolysis 
current efficiency. As shown in the SOM electrolysis experiment in chapter 3, the SOM 
electrolysis had high current efficiencies approximately 90% at the beginning. However, 
as the electrolysis continued, the current efficiency of the SOM electrolysis dropped 
significantly to 40--50% due to electronic current in the flux caused by dissolved 
magnesium. 
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Second, the electronic conductivity in the flux provides a pathway for the applied 
potential to reduce the zirconia at the outer surface of the YSZ membrane to zirconium 
metal. YSZ membrane is known to be stable in MgF2-CaF2 flux containing a small 
concentration of YF3, when no electric potential is applied across the membrane. [ 44] 
However, when the flux has some electronic conductivity, it is possible for the flux to 
essentially act as an extended cathode. In this case, the applied potential reduces the 
zirconia at the surface of the YSZ membrane. Gratz et al. have observed the YSZ 
membrane degradation due to the electrochemical dissociation of zirconia during SOM 
electrolysis.[69], [70] In this work, same degradation of a YSZ membrane after a 30-hour 
SOM electrolysis at around 2.5 V was observed. The outer layer of the YSZ membrane 
contacting with flux had high porosity and appeared to be degraded; see YSZ membrane 
cross section after electrolysis in Figure 4.1. This is also confirmed from the observation 
of small amounts of zirconium rich deposits on the steel bubbling tube cathode (see 
Figure 4.2). 
Figure 4.1. SEM images of a YSZ membrane cross section after a 30-hour SOM 
electrolysis at around 2.5 V. 
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Figure 4.2. (a) SEM image of the interface between the steel bubbling tube cathode 
and the flux. (b) EDS mapping for zirconium on the area shown in (a). The bright 
spots in (b) show the zirconium rich deposits. 
In order for SOM electrolysis to run for thousands of hours at high current 
efficiencies, innovative approaches are needed to cope with the electronic conductivity of 
the flux. Gratz et al. have demonstrated that operating the SOM electrolysis cell at low 
total pressures is an effective method of reducing the electronic conductivity of the flux. 
An overall 75% current efficiency was achieved during low-pressure electrolysis. The 
electronic conductivity of the flux was believed to be sufficiently low (te~0.08) and that 
the zirconia in the YSZ membrane didn't dissociate.[69] 
In this chapter, electronic transference numbers of the flux between two steel 
electrodes are measured to assess the magnesium dissolution in the flux during 
electrolysis. The correlation between the electronic transference number of the flux and 
the current efficiency of the SOM electrolysis is discussed. Lastly, an alternative 
approach to reduce the electronic conductivity of the flux is presented. 
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4.2. SOM Electrolysis Experiment 
4.2.1. Experimental Setup 
The experimental setup in this SOM electrolysis experiment with an LSM-
Inconel current collector submerged in liquid silver anode is similar to the setup shown in 
Figure 3.4. The primary differences between them are outlined in the following list: 
1). In this experiment, the flux composition employed was 5w% MgO, 2w% YF3, 
and 93w% eutectic mixture of MgF2-CaF2. Less MgO (5w%) was used in this 
experiment to decrease the magnesium solubility in the flux as per the reaction: 
MgO(flux) = Mg(flux) + 1/202(g), where Mg(flux) is the soluble magnesium in the flux . 
2). The YSZ tube has a length of 61cm(24 inches) and an inner diameter of 
1.27cm(l/2 inch). The 24 inches YSZ did not require the use of the ceramic paste for 
joining with the alumina tube and prevented the oxygen gas in the anode from leaking 
into the reaction chamber. 
3). Forming gas (95%Ar-5%H2) was used to purge the reaction chamber. The 
forming gas lowered the P0 2 inside the reaction chamber. The gas flow rate through the 
bubbling tube was 180cm3/min and the flow rate through the annulus between the 
bubbling tube and the SS-304 tube extending out of the top of the reaction chamber was 
300cm3 /min. There was no gas flow through the annulus between the YSZ membrane and 
its outside SS-304 tube. 
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4.2.2. Results and Discussion 
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Figure 4.3. Electrochemical impedance spectroscopy results at the beginning of the 
SOM experiment at 1150°C. The ohmic resistance of the SOM cell was 0.54!!. 
At the beginning of the experiment, an EIS scan was performed between the inert 
anode current collector and the bubbling tube, and the results are shown in Figure 4.3. 
The high frequency intercept on the Nyquist plot corresponds to the cell ohmic resistance 
( R ohm ). It was measured to be 0.54!2, consistent with the cell ohmic resistances in the 
previous SOM experiment as shown in Figure 3.5. The lower frequency intercept is not 
observed on the Nyquist plot in Figure 4.3. When the charge transfer resistance is small 
and an overlap exists with the Warburg (diffusional) impedance at high frequency, the 
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Warburg impedance dominates, and it increases with decreasing frequency. Under these 
conditions, the lower frequency intercept is not observed. 
4.2.2.2. Current-Potential Characteristics 
A PDS was conducted between the inert anode current collector and the bubbling 
tube after the EIS, and the current-potential relationship is shown in Figure 4.4. The 
dissociation potentials of the impurity oxides (such as Fe20 3) and MgO were identified to 
be approximately 1.3V and 2.17V, respectively. The leakage current caused by the 
impurity oxides dissociations is approximately 0.4A. To reduce the leakage current, a 
pre-electrolysis at 2.13V was performed for 70min to dissociate the impurity oxides. 
2 ~------~--------~------~--------~ 
--PDS before pre-electrolysis 






0 1 2 3 4 
E (V) 
Figure 4.4. Potentiodynamic scans (5mV/s) showing the current-potential 
relationships before pre-electrolysis (solid line) and after pre-electrolysis (dashed 
line). 
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After the pre-electrolysis, another PDS was conducted between the inert anode 
current collector and the bubbling tube, and the current-potential relationship is shown in 
Figure 4.4. The leakage current was significantly reduced after the pre-electrolysis. The 
electric potential for MgO dissociation was identified to be approximately 2.08V. At this 
point of time, the impurity oxides had been removed, and there was negligible amount of 
magnesium dissolved in the flux. 
4.2.2.3. Electronic Transference Number of the Flux 
In the same experiment, electrolysis was performed thrice, each for 6 hours, 
between 2.3-2.6 V, to dissociate MgO (see Figure 4.5). 
Electrolysis 2 at 2.3V 
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Electrolysis 3 at 2.3V 
Electrolysis 1 at 2.6V 
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Figure 4.5. The current-time plots during the three electrolyses at 1150 oc with 
applied potentials between 2.3-2.6 V. 
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Figure 4.6. During electrolysis the current efficiency (solid line) decreases as the 
magnesium dissolves in the flux and the electronic transference number (red 
triangle) increases. The asymptotic behavior indicates that the flux reaches the 
solubility limit for magnesium dissolution. 
During electrolysis, the oxygen gas produced at the anode passed through a digital 
flow meter that measured the oxygen evolution rate. Faradaic current was calculated from 
the oxygen evolution rate. The calculated current efficiency is shown in Figure 4.6. 
Before the first electrolysis, and immediately after each electrolysis, the electronic 
transference numbers in the flux were measured by performing EIS and potentiostatic 
hold with a small applied potential ( -0.1 V). The EIS and the potentiostatic holds 
measured the total resistance and the electronic resistance of the flux in between. The 
ionic resistance of the flux can be calculated from the measured values of the total 
resistance and the resistance of the flux using Equation (2-13). The electronic 
transference number was calculated using Equation (2-15). The values of the resistances 
and the electronic transference numbers of the flux between the bubbling tube and the 
reaction chamber were listed in Table 4-1. It is shown in Figure 4.6 that initially the 
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electronic transference number was low and the current efficiency was high but with 
continued electrolysis the efficiency decreased and the electronic transference number 
increased until the flux reached the solubility limit for magnesium dissolution. This 
indicates a negative correlation between the current efficiency of the SOM electrolysis 
and the electronic conductivity of the flux. 
Table 4-1. The measured resistances and the electronic transference number (tflux,e) 
of the flux between the bubbling tube and the reaction chamber. 
Measurement Total resistance Electronic Ionic resistance tflux,e 
(Q) resistance (Q) (Q) 
1st 0.160 5.857 0.164 0.027 
2nd 0.150 3.110 0.158 0.048 
3rd 0.168 1.048 0.200 0.160 
4th 0.126 1.001 0.144 0.126 
4.2.2.4. Microstructural Characterization of the YSZ Membrane 
Figure 4.7. SEM images of the YSZ membrane cross section after the SOM 
electrolysis. 
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After the electrolysis, a piece of the YSZ membrane was mounted in epoxy, 
polished, and then examined using SEM. Figure 4.7 shows the SEM images of the cross 
section of the YSZ membrane. Similar to the observations in Figure 4.1 , the outer layer of 
the YSZ membrane contacting with the flux showed high porosity. This indicates that the 
YSZ membrane degradation took place during the electrolysis. 
4.3. Method of Removing Soluble Metallic Magnesium in the Flux 
A new method of removing the magnesium dissolved in the flux is presented. 
Figure 4.8(a) and (b) show the schematics for the proposed process. During electrolysis, 
switch A is closed, and switch B is open. Potential will be applied between the inert 
anode current collector inside the YSZ membrane and the bubbling tube cathode to 
dissociate MgO in the flux. Magnesium will be produced at the cathode and oxygen at the 
anode (see Figure 4.8(a)). As previously described, the SOM process has been shown to 
have high current efficiencies at the beginning. However, the current efficiency drops 
significantly due to electronic current in the flux caused by the increase in the soluble 
metallic magnesium as the electrolysis continues. 
In order to improve the current efficiency, the inert anode current collector inside 
the YSZ membrane can be electrically shorted with the bubbling tube by opening switch 
A and closing switch B. The P0 , above the liquid silver encased within the YSZ 
membrane is around latm, much greater than the P0 , in the flux. With each shorting, the 
oxygen ions from within YSZ membrane will migrate to the bubbling tube and oxidize 
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the soluble metallic magnesium near the bubbling tube cathode/flux interface (see Figure 
4.8(b)) . The half-cell reactions involved and the overall reaction are shown below: 
Liquid silver anode/YSZ interface: 
Bubbling tube cathode/flux interface: 
Overall reaction: 
O(Ag) + 2e- = 0 2-
0 2- + Mg(flux) = MgO(flux)+2e-




This will reduce the concentration of the soluble metallic magnesium near the 
bubbling tube cathode/flux interface (increase the electronic resistance of the flux and 
decrease the electronic transference number), and thereby increase the current efficiency 
of the subsequent electrolysis. 
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Figure 4.8. Proposed schematics of the setup for removing the soluble magnesium in 
the flux and mitigating the effects of electronic current: (a) SOM electrolysis with 
switch A closed and switch B open, and (b) Shorting the anode current collector 
with the bubbling tube by keeping switch A open and switch B closed. 
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Another SOM electrolysis experiment was performed to demonstrate the 
feasibility of removing the soluble magnesium in the flux by shorting the circuit. The 
experimental setup employed was similar to the one described in section 4.2.1. At the 
beginning of the SOM experiment, the electronic transference number of the flux was 
measured to be 0.032, indicating the flux conductivity was dominated by ionic species. 
Electrolysis was performed thrice, each for 2 hours at 2.5 V, to dissociate MgO (see 
Figure 4.8(a)). Following each electrolysis the inert anode current collector inside the 
YSZ membrane was electrically shorted with the bubbling tube cathode for 1 hour (see 
Figure 4.8(b)). Electronic transference numbers of the flux (ftzux.e ) were measured before 
and after shorting the circuit, and the results are summarized in Table 4-2. The electronic 
transference number decreased each time to less than 0.1 as a result of shorting the 
circuit. It shows that shorting the circuit is an effective method of reducing the amount of 
soluble magnesium in the flux and also improving the performance of the SOM 
electro! ysis. 
Table 4-2. Electronic transference numbers of the flux (tflux,e) before and after 
shorting the circuit. 
ftzux.e before sh01ting the circuit ftz1a ,e after shorting the circuit 
After the 1st electrolysis 0.879 0.094 
After the 2"0 electrolysis 0.299 0.071 
After the 3ra electrolysis 0.528 0.076 
4.4. Summary 
In this chapter the effects of magnesium solubility in the flux on the current 
efficiency and YSZ membrane stability during SOM electrolysis was discussed and 
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examined. Dissolved magnesmm metal is responsible for imparting electronic 
conductivity to the flux. The electronic transference numbers of the flux was measured to 
assess the magnesium dissolution in the flux during SOM electrolysis. As more 
magnesium metal was produced during SOM electrolysis, the electronic transference 
number increased and the current efficiency of the SOM electrolysis decreased. There 
was a negative correlation between the electronic transference number of the flux and the 
current efficiency of the SOM electrolysis. A method of removing the soluble magnesium 
in the flux and mitigating the effects of electronic current has been presented, and proof-
of-concept experiment has been performed to demonstrate its feasibility. 
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5. MODELING OF THE SOM ELECTROLYSIS PROCESS 
5.1. Equivalent Circuit Modeling of the SOM Electrolysis Process 
Equivalent circuit is a useful tool to model the SOM electrolysis process. It is now 
known that the impurity oxides (such as Fe20 3) in the flux contribute to the leakage 
current. It is also known that the dissolved magnesium in the flux imparts electronic 
conductivity to the flux. The electronic conductivity in the flux reduces the current 
efficiency of the SOM electrolysis and provides a pathway for the applied potential to 
dissociate zirconia in the YSZ membrane. Modeling of the SOM electrolysis process 
provides insights for increasing both the current efficiency and the YSZ membrane 
stability. 
5.1.1. Dissociations of Oxides 
In the SOM electrolysis, the oxides that could be dissociated include Fe20 3 (from 
the reaction chamber), Zr02, and MgO when an electric potential of -3V is applied 
between the inert anode current collector and the bubbling tube cathode. The standard 
Nemst potential for Fe20 3, Zr02, and MgO dissociations during SOM electrolysis with an 
inert anode current collector were calculated using Equation (5-l), and the values are 
shown in Table 5-l. In Equation (5-l), EZ is the standard Nemst potential, t-..G~ is the 
standard Gibbs free energy of the reaction, n is the number of electrons per mole of oxide 
dissociated, and F is the Faraday constant (96485 C mor1). The standard Gibbs free 
energy change values were obtained from HSC Chemistry 5.11 TM Database.[50] 
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(5-1) 
Table 5-1. Standard Nernst potentials for relevant SOM reactions at 1150°C. 
Reaction Temperature (K) ~G~ (kJ) n E~(V) 
Fe20 3 = 2Fe + 3/202(g) 1423 454 6 --0.784 
MgO = Mg(g) + 1/202(g) 1423 439 2 -2.275 
Zr02 = Zr + 0 2(g) 1423 831 4 -2.153 
As shown in Table 5-l, the absolute value of the standard Nernst potential for 
Fe20 3 dissociation is much smaller than those for MgO and Zr02; that is, the dissociation 
of Fe20 3 is the most favorable, assuming that all the three species behave ideally and 
given the same anode conditions in the SOM process. In actual SOM experiments, the 
dissociation of Fe20 3 contributes to the leakage current. A pre-electrolysis is usually 
performed to dissociate Fe20 3 by applying a DC electric potential, higher than the 
dissociation potential of Fe20 3 but lower than the dissociation potential of MgO. 
From Table 5-l, the dissociation of Zr02 is more favorable than the dissociation 
of MgO assuming that both species behave ideally and given the same anode conditions 
in the SOM process. During the SOM process, however, the YSZ membrane is protected 
from electrochemical Zr02 dissociation due to the electric potential drop across the flux. 
Even when the flux has some electronic conductivity, the electric potential drop across 
the flux is such that the zirconia does not experience the full applied potential across the 
entire electrolysis cell. However, if the electronic conductivity in the flux and the applied 
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potential across the electrolysis cell are both sufficiently high, then the potential drop 
across the YSZ membrane can be large enough to dissociate the zirconia. 
5.1.2. Equivalent Circuit of the SOM Electrolysis Process 
Based on current understanding of the SOM electrolysis process, a new equivalent 
circuit of the SOM electrolysis process is presented as shown in Figure 5.1. The symbols 
used in Figure 5.1 are defined in Table 5-2. Compared to the equivalent circuits in prior 
work by Krishnan et al. and Gratz et al., this equivalent circuit model is more 
comprehensive. It takes into account (1) the electronic conductivity of the flux caused by 
dissolved magnesium, (2) the dissociations of Fe20 3 dissolved in the flux, and (3) the 
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Figure 5.1. Equivalent circuit of the SOM process for magnesium production. 
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Table 5-2. Definitions of symbols in the SOM equivalent circuit shown in Figure 5.1. 
Symbol Definition 
RFe20 3 
i(YSZ) Ionic resistance of YSZ membrane involved for Fe20 3 dissociation 
RMgO 
i (YSZ) Ionic resistance of YSZ membrane involved for MgO dissociation 
RZr02 
i(YSZ) Ionic resistance of YSZ membrane involved for Zr02 dissociation 
RFe,03 
i(f/ux) Ionic resistance of flux (between the YSZ membrane and the bubbling tube 
cathode) involved for Fe20 3 dissociation 
RMgO 
i(f/ux) Ionic resistance of flux (between the YSZ membrane and the bubbling tube 
cathode) involved for MgO dissociation 
RFe20 3 
mt(a,c) Mass transfer resistance at the anode and cathode for Fe20 3 dissociation 
RMgO 
mt(a,c) Mass transfer resistance at the anode and cathode for MgO dissociation 
RFe20 3 
ct(a,c) Charge transfer resistance at the anode and cathode for Fe20 3 dissociation 
RMgO 
ct(a,c) Charge transfer resistance at the anode and cathode for MgO dissociation 
R'b:Oz 
ct(a ,c) Charge transfer resistance at the anode and cathode for Zr02 dissociation 
Re(YSZ) Electronic resistance of the YSZ membrane 
R e(jlux) Electronic resistance of the flux between the YSZ membrane and the 
bubbling tube cathode 
Rcc Resistance of the anode current collector 
Rex Resistance of external circuit elements 
EFe20 3 
N 
Nemst potential for Fez03 dissociation 
EM gO 
N 
Nernst potential for MgO dissociation 
EZr02 
N 
Nemst potential for Zr02 dissociation 
£applied Applied potential 




Ionic current for MgO dissociation 
/Zr02 
I 
Ionic current for ZrOz dissociation 
Je(YSZ) Electronic current passing the YSZ membrane 
IT Total current 
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The equivalent circuit first shows that impurity oxides with greater cation 
electronegativity than magnesium (such as Fe20 3), will dissociate before MgO. A pre-
electrolysis is usually conducted to remove the Fe20 3• 
After the pre-electrolysis, an electric potential exceeding the dissociation potential 
of MgO is applied. Once the MgO dissociates, magnesium is produced at the cathode. 
Some of the magnesium produced dissolves in the flux, and the rest magnesium evolves 
as vapor and is carried away by the forming gas or argon. The dissolved magnesium 
subsequently increases the electronic conductivity of the flux. The YSZ membrane has 
electronic conductivity at the operating temperature (1150°C) and the other prevailing 
experimental conditions.[71] A flux with electronic conductivity essentially serves as an 
extended cathode, and it allows for electronic current to pass through the flux and the 
membrane, decreasing the current efficiency. If the flux had no electronic conductivity, 
then the current passing through the flux would be purely ionic, and all of the energy 
input to the cell would be used in the process of dissociating MgO. The presence of an 
electronic current acts as an internal short circuit in the SOM process. 
As more magnesium dissolves into the flux, the electronic conductivity of the flux 
will further increase. The increased electronic conductivity also decreases the electronic 
potential drop across the flux , and then the potential drop across the YSZ membrane must 
correspondingly increase while a constant DC electric potential is applied across the 
entire cell. The increased potential drop across the YSZ can cause the dissociation of 
zirconia, which will degrade the YSZ membrane. To avoid Zr02 dissociation, the 
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potential drop across the YSZ membrane should not exceed the dissociation potential of 
Zr02. 
5.2. Electrochemical Model for Magnesium and Oxygen Production 
The electrochemical model for magnesium and oxygen production during SOM 
electrolysis is similar to the models proposed by Krishnan et a!. [9] for magnesium 
production using SOM electrolysis, Pati eta!. [72] for hydrogen production using SOM 
electrolysis, and Yoon et al. [73] for solid oxide fuel cells. In this work, the steps 
involved in the production of magnesium and oxygen during SOM electrolysis include 
the following: 
1) Transport of 0 2- from the bulk flux ( O~~x ) to the flux/YSZ interface; 
2) Transport of o~:x across the flux/YSZ interface, o~:x ----+ O~~z ; 
3) Transport of O~~z through the YSZ membrane to the YSZ/molten silver 
interface; 
4) Charge transfer reaction (oxidation) of O~~z at the YSZ/liquid silver 
anode interface, Q~~z ----+ 0 Ag + 2e- Or Q~~z ----+ 0 2 (g)+ 2e- ; 
5) Transport of Mg2+ from the bulk flux to the flux/cathode interface; 
6) Charge transfer reaction (reduction) of Mg2+ at the flux/cathode interface 
generating magnesium, Mg2+ +2e-----+ Mg(flux) or Mg2+ +2e- ----+ Mg(g). 
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After the Fe20 3 is removed and before there is any magnesium dissolved in the 
flux, all the current is used for dissociating MgO during electrolysis. In this case, only the 
circuit branch for MgO dissociation needs to be considered and the remaining branches 
can be ignored (see the equivalent circuit in Figure 5.1). The applied potential ( E applied) 
can be expressed as follows: 
£ applied =~£~gO I+ 'IJohm + 'IJact + 'IJconc,c + 'IJconc,a + 'IJover,anode/YSZ (5-2) 
where IE~gol is the absolute value of the Nernst potential for MgO dissociation, 1Johm is 
the ohmic polarization of the SOM electrolysis cell, 17acr the activation polarization, 
llconc,c the cathodic concentration polarization, n the anodic concentration 
'l conc,a 
polarization, and llover,anodet rsz is the overpotential for oxygen gas evolution at the 
anode/YSZ interface. 
5.2.1. Nernst Potential for MgO Dissociation 
When the magnesium produced nucleates m the gaseous state, the Nernst 
potential for MgO dissociation is given by 
E MgO = E O,MgO + RT In r a MgO(flux) l 
N N 2F ~ 
aMg(g),c • ( a 0 2 (g) ,anode/YSZ )
2 
= E O, MgO + RT In r aMgO(flux) l 
N 2F ~ 




The Nernst potential for MgO dissociation is related to the activity of MgO 
dissolved in the flux, aMgOCflux ) , the partial pressure of the magnesium vapor near the 
cathode, PMgCg). c , and the partial pressure of the evolved oxygen gas at the liquid silver 
anode/YSZ interface, PO,(g ). anode/YSZ • Magnesium nucleating in the gaseous state is 
expected to occur at a partial pressure near latm, and therefore PMgCg). c ~ latm . The 
oxygen in the bulk of the liquid anode equilibrates with the oxygen in the air above the 
liquid silver anode. At the liquid silver anode/YSZ interface, the liquid silver is 
supersaturated with oxygen when the applied potential exceeds IE:80 ,. Therefore, Po, Cg) 
is expected to be greater than the oxygen partial pressure in air. It is important to note that 
the gas above the liquid silver anode is still air before SOM electrolysis of MgO is 
performed. The activity of MgO, aMgOCflux), depends on the concentration and the activity 
coefficient of MgO dissolved in the flux. During SOM experiment, IE:80 1 can be 
identified at the deflection point of the current-potential curve obtained from PDS 
between the anode current collector and the bubbling tube cathode. 
5.2.2. Ohmic Polarization 
The ohmic polarization ( 1]0 11111 ) of the SOM electrolysis cell can be expressed as 
follows: 
1lohm = iRohm (5-4) 
- 98-
where i is the cell current, and R011111 is the ohmic resistance of the SOM electrolysis cell, 
which includes the resistances of the YSZ membrane, the flux, the electrodes, the 
external lead wires, and the contact resistances associated with all the interfaces. The 
ohmic resistance of the SOM electrolysis cell can be measured by EIS between the anode 
current collector and the bubbling tube cathode. 
5.2.3. Activation Polarization 
The additional potential that is needed to overcome the activation energy barrier 
for the charge transfer reactions at the electrode/electrolyte interfaces is called activation 
polarization, 1Jacr. For small currents and/or rapid mass transfer, it is related to the cell 
current i by the following Butler-Volmer equation [49], [74]: 
. . (an1JacrF) . (-(1-a)nTJacrF) z = z0 exp -z0 exp RT RT (5-5) 
where i0 is the exchange current, a is the transfer coefficient, n=2 is the number of 
electrons transferred, F is the Faraday constant, and T is the operating temperature 
(1150°C). Both activation polarizations occurring at the anode ( 1Jacr,a) and the cathode ( 
7lacr ,c ) are lumped together in 7lacr . The exchange current i0 is a measure of the 
electrocatalytic activity of the electrode/electrolyte interface for a given electrochemical 
reaction, and it depends on the operating conditions and materials properties.[49] The 
transfer coefficient for SOM electrolysis is suggested to be 0.5 assuming a symmetric 
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activation energy barrier for both electrode reactions. If the values of a= 0.5 and n=2 are 
substituted into Equation (5-5), the Butler-Volmer equation is expressed as follows: 
(5-6) 
The equation can also be written in the form of a quadratic equation in the term 
(5-7) 
Solving the equation for exp( 'llac, F I RT) gives 
exp('llacr F) =(~]+ (~]2 +1 
RT 2z0 2z0 
(5-8) 
Thus, the relationship between the activation polarization and the cell current can 
be expressed as follows: 
--ln - + RT [( i J 
'llacr - F 2io (5-9) 
5.2.4. Cathodic Concentration Polarization 
The cathodic concentration polarization is caused by the mass transport of 




0 J = RT ln aMgO(jlux) 
'17conc ,c 2F (i) QMgO(jlux) 
(5-10) 
where a~gO(flux) is the activity of MgO in the bulk flux, and a~~OCflux) is the activity of 
MgO at the flux/cathode interface under a certain current density. Assuming a Henrian 
solution, Equation (5-1 0) can be written as follows: 
RT l ( C~gO(flux) J 
1lconc,c = 2F n c eil MgO(flux) 
(5-11) 
where C~gOCflux ) and C~~ocfluxJ are the concentrations of MgO in the bulk flux and at the 
flux/cathode interface, respectively. 
The concentration gradient drives the diffusion of MgO at the cathode surface. 
Assuming a linear concentration gradient within the diffusion layer, the diffusive flux of 
MgO at the cathode surface can be expressed by Fick's first law as follows : 
(i) 0 
dCMgO(jlux ) = -D CMgO(jlux) - CMgO(jlux) 
J MgO,jlux/cathode = -DMgO(f/ux) dx MgO(jlux) O 
c 
(5-12) 
where DMgOCfluxJ is the diffusion coefficient, and Jc is the thickness of the diffusion layer 
at the cathode surface. 
Relating the diffusive flux of MgO, J MgO ,fluxlcarhode, to the cell current, i, gives: 
(i) 0 
. - 2FA J - -2FA D CMgO(jlux) - CMgO(jlux) 




where Ac is the effective cathode area for the electrochemical half-cell reaction: Mg2+ + 
2e- ~ Mg(g). The largest rate of mass transport of MgO occurs when c~;O<fluxl = 0. The 
value of the current under this condition is called the cathodic limiting current, i1.c, where 
. - 2 D A D c~gO( jlux) 
1t ,c - l '.t"lc MgO(flux ) f5 
c 
(5-14) 
Equations (5-13) and (5-14) can be used to obtained the expressions for C~gO(flux) 
and C(i) . MgO(flux) · 
0 it c8c 
C MgO(jlux) = 2 D A D, 
r .t"lc MgO(flux) 
(i ) _ (it ,c -i)8c 
C MgO(jlux) - 2DA D 
r .t"lc MgO(flux) 
(5-15) 
(5-16) 
Substituting Equations (5-15) and (5-16) into Equation (5-11), the cathodic 
concentration polarization can be expressed as follows : 
_RT ln(~J 
TJconc,c - 2F il ,c - i (5-17) 
5.2.5. Anode Overpotential for Oxygen Gas Evolution 
The liquid silver anode is saturated with oxygen as it is in equilibrium with the 
oxygen in the air environment. At the liquid silver anode/YSZ interface, oxygen is 
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produced when the applied potential exceeds the electric potential for MgO dissociation. 
Oxygen is injected from the YSZ membrane to the liquid silver, and the oxygen partial 
pressure at the liquid silver anode/YSZ interface reaches 1 atm, equal to the air pressure 
above the liquid silver. The diffusion of oxygen is slow because the liquid silver is not 
stirred. In order for the oxygen to form bubbles and leave the liquid silver as vapor, the 
oxygen partial pressure at the liquid silver anodeNSZ interface must then exceed latm. 
The difference in oxygen partial pressure generates an overpotential that must be crossed 
to form oxygen bubbles. The overpotential for oxygen gas evolution is represented as 
follows : 
[ b ] [pb ] [pb ] = RT ln ao2(A8 ) = RT ln o2 (A1) = RT ln o2 (Ag ) T/over,anode!Ysz lF a (i) 2F p U) 2F latm ~~g ) ~~g) (5-18) 
where a~2 (Ag ) and P~2 ( Ag) are the oxygen activity and the oxygen partial pressure required 
for bubble formation at the liquid silver anode/YSZ interface, respectively; a;;;(Ag) and 
P~;(Ag) are the oxygen activity and the oxygen partial pressure at the liquid silver 
anodeNSZ interface, respectively. Because the oxygen evolved forms bubbles at liquid 
silver anodeNSZ interface and leaves the liquid silver as vapor, essentially there is 
negligible concentration polarization caused by oxygen atom diffusion in the liquid silver 
anode. The increasing applied current increases the oxygen evolution rate, but does not 
affect the oxygen partial pressure for bubble formation at the anodeNSZ interface. 
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5.2.6. Current-Potential Relationship in Polarization Modeling 
The general relationship between the applied voltage and the cell current for SOM 
electrolysis is obtained by substituting Equations (5-3), (5-9), (5-17), and (5-18) into 
Equation (5-2): 
E -I MgO I "R RT I [( i J applied - EN +z ohm+- n -. + F 2z0 
(5-19) 
RT 1 ( il ,c J RTl (P~, (Ag)J +-n -- +-n --
2F i1,c -i 2F 1atm 
The current-potential curve obtained from PDS measurement can be curve-fitted 
using Equation (5-19) to analyze various polarization losses and quantify the unknown 
parameters such as the exchange current, the cathodic limiting current, and the oxygen 
partial pressure required for bubble formation at the anode/YSZ interface. 
5.2.7. Curve-Fitting of the Measured Current-Potential Characteristics 
The current-potential curve obtained from the PDS after the pre-electrolysis (the 
dashed line shown in Figure 4.4 in section 4.2.2) can be curve fitted to the 
electrochemical model (Equation (5-19)). The electric potential for MgO dissociation ( 
jE: 80 j) producing magnesium vapor at the cathode was identified to be approximately 
2.08V. The current observed prior to reaching 2.08V is due to MgO dissociation resulting 
in the dissolution of magnesium into the flux as per the reaction: MgO = Mg(flux) + 
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11202(g). The current at 2.08V can be used as the baseline for the curve-fitting. The 
baseline current is mostly due to the faradaic leakage current caused by the dissociation 
of MgO resulting in the dissociation of magnesium into the flux and dissociating the 
remaining impurity oxides. The difference between the measured current and the baseline 
current in the potential range of 2.08V to 3.32V is referred to as the net current. The 
ohmic resistance of the SOM cell ( R0 11111 ) was measured to be 0.54 .Q (shown in Figure 4.3 
in section 4.2.2) . 
Mass transfer-limited behavior was not observed (see the PDS after pre-
electrolysis in Figure 4.4) . Consequently, the anodic and the cathodic concentration 
polarizations can be ignored. Equation (5-19) can be written as follows: 
E MgO "R RT ln i i 1 RT I 0 2(Ag ) E = +z +- - + - + +- n --[( J ( J2 ] ( pb J applied I N I ohm F 2i0 2i0 2F latm (5-20) 
The experimental data of the applied potential and the net current were curved 
fitted into Equation (5-20). The values of the parameters used for the curve fitting is 
given in Table 5-3. The exchange current, i0 , and the oxygen partial pressure for bubble 
formation at the anode/YSZ interface, P;
2
( Ag ), were treated as the fitting parameters, and 
the results are shown in Figure 5.2. The well match between the experimental data and 
the fitted curve justify the assumption that the concentration polarizations are negligible. 
The exchange current obtained from the curve fitting was 0.1154A. Prior studies have 
shown that the charge transfer reaction at the interface between liquid metal electrode and 
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the YSZ electrolyte is very fast [75], [76], [77], [78]. Therefore, the exchange current 
value is believed to be limited by the cathode materials structure and surface roughness, 
the concentration of MgO at the cathode surface, etc. The oxygen partial pressure for 
bubble formation at the anode/YSZ interface, P~z(Ag ), obtained from the curve fitting was 
1. 7 4 7 atm. The oxygen bubble radius ( r) was calculated to be 35!-t.m using the following 
equation [79]: 
(5-21) 
where a-= 658 x 10-3 N/m is the surface tension of liquid silver at the oxygen partial 
pressure of 1 atm at 1150°C. 
Table 5-3. Parameters used for fitting the applied potential and the net current data 
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Gas constant (R) 
Faraday constant (F) 
Potential for MgO dissociation 
producing magnesium vapor at the 
cathode ( iE:80 I ) 
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Figure 5.3. The ohmic overpotential and the activation polarization as a function of 
the net current by modeling on the SOM electrolysis cell. 
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Based on the curve fitting results, the ohmic polarization and the activation 
polarization were calculated as a function of current, and the results are shown in Figure 
5.3. In the current range of 1A to 1.7 A, the contributions from ohmic resistance and the 
charge transfer resistance to the total polarization were -70% and -30%, respectively; the 
contribution from the anode overpotential for oxygen gas evolution (0.0342V) is much 
smaller. The ohmic polarization was therefore dominating in the total polarization in this 
current regime. This indicated that the performance of the SOM electrolysis can be 
improved by reducing the ohmic resistance, which can be realized by decreasing the 
thickness of the electrolyte (the YSZ membrane and the flux). The concentration 
polarizations were insignificant in the current range of OA to 1.7 A. However, if the 
current continued to increase and approach the cathodic limiting current, the contribution 
from the cathodic concentration polarization to the total polarization would become non-
negligible. In that case, the cathodic concentration polarization should be considered in 
the modeling. 
5.3. Maximum Allowable Applied Potential 
As more magnesium dissolves into the flux, the electronic conductivity of the flux 
will increase. The dissolved magnesium provides a pathway for the electronic current in 
the flux . There are both electronic and ionic current passing through the flux and the YSZ 
membrane (see the equivalent circuit in Figure 5.1). As described in section 5.1, the 
increased electronic conductivity of the flux decreased the electronic potential drop 
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across the flux and increased the potential drop across the YSZ membrane while a 
constant DC electric potential is applied across the entire cell. To avoid Zr02 dissociation, 
the potential drop across the YSZ membrane ( Ie(YSZ ) • Re<rsz ) ) should not exceed the 
electric potential for Zr02 dissociation, which is also the absolute value of the Nemst 
potential for Zr02 dissociation, 1£~2 1 . When the potential drop across the YSZ 
membrane is equal to 1£:0 21 ,as expressed by Equation (5-22), the ionic current for Zr02 
dissociation, I;Zr02 becomes zero. In this case, the applied potential is defined as the 
maximum allowable applied potential (EMAAP) to avoid Zr02 dissociation. 
(5-22) 
5.3.1. Analysis of Simplified Equivalent Circuit 
To calculate the EMAAP, it is necessary to simplify the equivalent circuit in Figure 
5 .1. According to the polarization modeling, the mass transfer resistances for MgO 
dissociation are negligible at the current range of OA to 1.7A. At the point when 
magnesium dissolves in the flux and imparts electronic conductivity to the flux, all the 
Fe20 3 must have already been removed. Therefore, the circuit branch for Fe20 3 
dissociation can be eliminated. The simplified equivalent circuit is shown in Figure 5.4. 
The contact ohmic resistance associated with the interfaces for ionic species transport ( 
R comacr ) is incorporated into the simplified equivalent circuit. 
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Rcontact 
RMgO RMgO R MgO EMgO N i ( l"SZ ) i ( ji1Lt) ct !c 
I;uga t 
Re(YSZ ) Re(jlrL'r) 
--+ 
i J e(YSZ ) IT 
Rcc 
Figure 5.4. The simplified equivalent circuit for the SOM process when the applied 
potential is the maximum allowable applied potential. 
According to the Kirchhoffs Current Law (KCL), 
I - IMgO I T- i + e(YSZ) (5-23) 
The Kirchhoffs Voltage Law (KVL) applied to the closed circuits m the 
simplified equivalent circuit gives 
EMAAP =IT 0 R cc + I e(YSZ ) 0 ( Re(YSZ ) + R e( jlux) ) (5-24) 
E -I R IMgO (R RMgO RMgO RMgO) IEMgOI 
MMP - T 
0 
cc + i 0 contact + i(YSZ) + i(jlux) + ct ,c + N (5-25) 
Equations (5-22), (5-23), (5-24), and (5-25) are independent and they form a 
system of equations in the four unknown parameters I e(Ysz ) , IT, I;Mgo, and EMAAP 0 The 
current efficiency when the applied potential is EMAAP can be represented as 
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(5-26) 
5.3.2. Quantification of EMAAP 
To quantify the EMAAP for the SOM experiment as described in section 4.2, the 
values of the parameters in Equations (5-22), (5-23), (5-24), and (5-25) need to be either 
measured during the experiment or calculated based on the literature findings. 
Given the geometric similarities, the values of the electronic and ionic resistances 
of the flux between the bubbling tube and the reaction chamber as shown in Table 4-1 are 
approximately equal to the electronic and ionic resistances of the flux between the YSZ 
membrane and the reaction chamber ( Re<flux) and R;~~~l ). The absolute value of the 
Nernst potential for MgO dissociation, IE~gol ,was measured to be approximately 2.08V. 
1£~,.02 1 can be calculated according to the Nernst equation as shown in Equation (5-27). 
In Equation (5-27), E~.zra2 = -2.153V is the standard Nernst potential for Zr02 
dissociation at T=ll50°C; a2,.0 2<sl and az,. <sl are the activities of the solid Zr02 and Zr at 
the cathode side of the YSZ membrane, and they are both equal to unity; and a0 2 (g ),anodetrsz 
is the activity of oxygen at the anode!YSZ interface, and it was equal to 1.747. Therefore, 
1£~'02 1 is equal to 2.17V. 
EZr02 = EO, Zr02 + RT ln [ aZr02 (s) J 
N N 4F aZr(s ) a02(g),anode/YSZ 
(5-27) 
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The ohmic resistance of the LSM-Inconel current collector having a 27.6mm x 
4.4mm x 4.1mm LSM bar was measured to be -0.125!1. The current collector used in the 
SOM experiment had a smaller LSM bar (16.5mm x 3.4mm x 2.9mm). The cell 
constants of the two LSM bars are close. Therefore, the ohmic resistance of the LSM-
Inconel current collector (Rcc) used in SOM experiments is estimated to be 0.125!1. 
The charge transfer resistance at the cathode for MgO dissociation ( R::,;o) is the 
gradient of the activation polarization in Equation (5-9) with respect to the ionic current, 
as expressed by Equation (5-28). R::,;o depends on the ionic current for MgO dissociation 
( I;Mgo ), an unknown parameter to be solved. 
(5-28) 
The ionic resistance of the YSZ membrane ( R;<rsz) ) depends on the ionic 
conductivity ( O";(rsz) ), the cross-sectional area ( A(x) ), and the thickness of the YSZ 
membrane ( 4sz ) as shown in the following equation: 
R = r4sz_I_~ 
i(YSZ) Jo A( ) 
O"i(YSZ) X 
(5-29) 
Filal et al. [80] have reported the ionic conductivities of the YSZ membrane with different 
amounts of Y20 3(3mol% and 9.5mol%). In this work, 6mol%YSZ membrane was 
employed, and its ionic conductivity at 1150°C was estimated to be 21.88S/m by 
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interpolation from the literature data [80]. The ionic resistance of the YSZ membrane was 
calculated to be 0.07110. 
The total ohmic resistance of the SOM cell ( R ohm ) was measured to be 0.540 
before any magnesium was dissolved in the flux as described in section 4.2.2. Knowing 
the ionic resistance of the YSZ membrane ( R;crsz) ), the contact resistance associate with 
the interfaces for ionic species transport ( R comacr ) was calculated to be around 0.140 by 
subtracting R;crsz) (0.07110), R;7;~) (~0.20), and R cc (0.1250) from R olun (0.540). 
The electronic resistance of the YSZ membrane ( Recrsz) ) depends on the 
electronic conductivity (eYe rsz ), the cross-section area ( A(x ) ), and the thickness of the 
YSZ membrane ( 4 sz ) as shown in the following equation: 
R - f l.m _1_...!!!.._ 
e(YSZ) - Jo A( ) 
(Ye(YSZ) X 
(5-30) 
Park et al. [71] have studied the electronic transport in 8mol% YSZ, and empirical 
equations were derived for the electron and hole conductivities, CYecsrsz) and o-11 csrsz) , as a 
function of temperature (800° to 1 050°C) and oxygen partial pressure: 
7 [-3.88eV) _114 
(Ye(SYSZ) = 1. 31 X 10 exp k BT Pa2 ,YSZ (5-31) 
2 [ - 1.67eV) I/4 CY,.csrsz) = 2.35 x 10 exp kBT Pa2 .rsz (5-32) 
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where ks is the Boltzmann constant (1.38x1023J/K), Po, .rsz is the local oxygen partial 
pressure in the YSZ membrane. Based on the knowledge of cre(SY.SZl and crlz (srsz> , it is 
possible to estimate the electron and hole conductivities, cre<6r.sz) and cr11<6rsz) , of 6mol% 
YSZ as follows (see Appendix A for a detailed analysis): 
( )( )
-112 
7 -3.88eV 6 -I /4 
cre(6rsz) =1.31x10exp kBT 8 Po, .rsz (5-33) 
( )( )
112 
2 -1.67eV 6 114 
cr,(6YSZ) = 2.35 x 10 exp kBT 8 Po,.r.sz (5-34) 
The electronic conductivity in YSZ is primarily n type at low oxygen partial pressures 
below 1.28x10-6atm, but p type at higher oxygen partial pressures. The local electronic 
conductivity of the YSZ membrane depends on the local oxygen partial pressure. To 
calculate the electronic resistance of the YSZ membrane, it is necessary to obtain the 
oxygen partial pressure distribution in the YSZ membrane. In the SOM experiment with 
an inert anode current collector, it has been evaluated that the oxygen partial pressure at 
the anode/YSZ interface, Po,,anodetrsz , was 1.747atm. The oxygen partial pressure at the 
flux/YSZ interface was fixed by the equilibrium reaction: 2Mg(g) + 0 2(g) = 2MgO(flux) 
inside the reaction chamber. The equilibrium constant of this reaction at 1150°C is 
obtained from HSC Chemistry 5.11™ Database [50] as follows: 
2 
K = aMgO(jlux) = 1. 729 X 1032 
p~g (g) 0 P O,(g ) 
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(5-35) 
The magnesium partial pressure inside the reaction chamber, PMg<g> , was determined by 
the magnesium evolution rate ( -19 .4cm3 /min at 1150°C) and the argon flow rate 
(-2331cm3/min at 1150°C), and was calculated to be 0.0083atm. Five percent of MgO 
was dissolved in the flux, and the activity of MgO in the flux must be between 0.1 and 1. 
Therefore, the oxygen partial pressure at the flux/YSZ interface is calculated to be around 
10-29atm. Having known the oxygen partial pressure on the two sides of the YSZ 
membrane, it is possible to calculate the oxygen partial pressure distribution in the 
membrane assuming there is no oxygen partial pressure change across the interfaces.[81] 
However, Virkar [82] has shown that generally there are abrupt changes in oxygen partial 
pressure across the electrode/membrane interfaces. The role of the interfaces on affecting 
the oxygen partial pressure distribution inside the YSZ membrane during the SOM 
electrolysis is still unknown. Instead of calculating Re(Ysz> using the above analysis, it is 
more realistic to take a series of trial values ( 4Q, 45Q, and 1 OOQ) of Re(YSZ> . Those trial 
values are chosen to obtain current efficiencies in the range that is experimentally 
observed (70-95%) and also the ionic currents for MgO dissociation when the applied 
potential is EMAAP .The values of the parameters used to calculate the unknown parameters 
Ue(YSZ>, Ir, IiMgo, and EMAAP) are given in Table 5-4. 
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5.857Q(l s\3.110Q(2" ), 
1.048Q(3'ct), 1.001Q(4th). 
Figure 5.5 shows the calculated EMAAP as a function of R e(fluxl for different values 
of R ecrsz) . The calculated EMAAP decreases as R e(flux) decreases for each value of R ecrsz) . 
As more magnesium dissolves into the flux, R e(fluxJ becomes smaller, and thus EMAAP 
becomes smaller as well. During the SOM experiment, Re(fluxl can be monitored, and 
applied potential can be adjusted accordingly to avoid Zr02 dissociation. In addition, 
EMAAP can be increased by increasing R ,CfluxJ. This can be accomplished by operating the 
SOM electrolysis cell at low total pressures which is an effective method of removing 
magnesium dissolved in the flux and reducing the electronic conductivity of the flux .[69] 
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Figure 5.5 also shows that the calculated EMAAP increases as Recrsz) decreases for each 
value of Re<fluxl . It suggests that EMAAP can be increased by decreasing Recrsz) . This can 
be realized by reducing the thickness of the YSZ membrane and/or increasing the cross-
sectional area of the YSZ membrane. Another method to decrease R e<YSZ) is to increase the 
electronic conductivity of the YSZ membrane by incorporating some electrically 
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Figure 5.6. The calculated current efficiency (CE) as a function of R e(flux}or different 
values of R e(YSZJ when the applied potential is EMAAP· 
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Figure 5. 7. The calculated ionic current for MgO dissociation ( I ;Mgo ) as a function of 
R e(fluxyfor different values of Re(YSZJ when the applied potential is EMAAP· 
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Figure 5.6 shows the calculated current efficiency as a function of R•<fl=l for 
different values of Recrsz) . The calculated current efficiency decreases as Re<flux) 
decreases, consistent with the experimental results in Figure 4.6. It should be noted that 
the applied potential is EMAAP in this modeling, which varies as a function of R•<fluxl . 
Figure 5.6 also shows that the current efficiency decreases as R.crsz) decreases for same 
R•<fl=l . Therefore, R.crsz) cannot be too small in order to maintain a high current 
efficiency of the SOM electrolysis. In addition to current efficiency, the performance of 
the SOM electrolysis can also be evaluated by the production rate of magnesium and 
oxygen, which is linearly proportional to the ionic current for MgO dissociation ( I;Mgo ) . 
Figure 5.7 shows the calculated I;Mgo as a function of Recrsz) for different values of 
Re(YSZ) when the applied potential is EMAAP. Overall, a high Re<flux ) and a relatively low 
Recrsz) are required to achieve Zr02 stability, high current efficiency, and high 
production rate of magnesium and oxygen. 
5.4. Summary 
In this chapter a new equivalent circuit of the SOM electrolysis process was 
presented to investigate the dissociations of Fe203, MgO, and Zr02 and the impact of the 
electronic conductivity of the flux. The increased electronic conductivity of the flux 
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increased the potential drop across the YSZ membrane, which could cause the 
dissociation of ZrOz. 
An electrochemical model for magnesium and oxygen production was developed 
to analyze various polarizations in the case that the Fe20 3 had been removed and there 
was negligible amount of magnesium in the flux. The ohmic polarization was dominating 
in contributing to the total polarization in the current range of 1A to 1.7 A. This indicated 
that the performance of the SOM electrolysis can be improved by reducing the ohmic 
resistance, which can be realized by decreasing the thickness of the electrolyte (the YSZ 
membrane and the flux) . The cathodic concentration polarization was not observed in the 
current-potential characteristic obtained from PDS, and they were likely negligible in the 
current range of OA to 1. 7 A during the PDS. 
The maximum allowable applied potential ( EMAAP) was quantified as a function of the 
R •< flux) for different values of R e(YSZ) • The effects of R e<flux) and R e(YSZ ) on the 
performance of the SOM electrolysis (current efficiency and production rate of 
magnesium and oxygen) were discussed in the case that the applied potential is EMAAP. 
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6. CONCLUSION AND FUTURE WORK 
6.1. Conclusions 
This work demonstrated recycling magnesium from partially oxidized magnesium 
scrap by combining refining and SOM electrolysis. The refining step involved dissolving 
magnesium and its oxide from the scrap into the flux, followed by argon-assisted 
evaporation of magnesium from the flux . The SOM electrolysis step was employed in the 
refining system to enable electrolysis of the magnesium oxide dissolved in the flux from 
the partially oxidized scrap. The combination of refining and SOM electrolysis yielded 
close to 100% removal of magnesium metal from partially oxidized magnesium scrap. 
The magnesium recovered had a purity of 99.6w%. 
It was found that the flux catalyzed magnesium removal from the scrap alloy; the 
solubility of magnesium in the salt was much higher than that of aluminum and iron, 
resulting in almost complete removal of magnesium. During refining, potentiodynamic 
scans were performed to determine the electrorefining potential for magnesium bubble 
nucleation, and the results showed that the electrorefining potential for magnesium 
bubble nucleation increased over time as the Mg content inside the Mg-Al scrap 
decreased. The activities of Mg in the scrap alloy and in the flux were calculated from the 
potentiodynamic scans results. This electrical diagnostic measurement provided a new 
way to estimate and monitor the amount of Mg in the scrap alloy and in the flux. This 
work also presented a transport model of magnesium refining. The modeling successfully 
simulated and predicted the flow behavior of the flux. It suggested that lowering the 
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bubbling tube or increasing the rate of argon stirring would increase the evaporation of 
magnesium. 
An innovative LSM-Inconel inert anode current collector was successfully 
developed and used in SOM electrolysis experiments for oxygen evolution. The current 
collector employed a sintered strontium-doped lanthanum manganite (Lao.8Sr0.2Mn03-li or 
LSM) bar, an Inconel alloy 601 rod, and a liquid silver contact in between. 
Electrochemical measurements during SOM electrolysis indicated excellent electrical 
stability of the LSM-Inconel current collector. Mter the SOM electrolysis experiment, 
the LSM-Inconel current collector was intact and showed no visible signs of degradation, 
suggesting its high durability and reusability. Microstructural characterization of the 
LSM-Inconel current collector confirmed its chemical and structural stabilities. 
The effects of magnesium solubility in the flux on the current efficiency and YSZ 
membrane stability during SOM electrolysis was discussed and examined. It was found 
that dissolved magnesium metal was responsible for imparting electronic conductivity to 
the flux . The electronic transference numbers of the flux was measured to assess the 
magnesium dissolution in the flux during SOM electrolysis. As more magnesium metal 
was produced during SOM electrolysis, the electronic transference number increased and 
the current efficiency of the SOM electrolysis decreased. There was a negative 
correlation between the electronic transference number of the flux and the current 
efficiency of the SOM electrolysis. A method of removing the soluble magnesium in the 
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flux and mitigating the effects of electronic current by shorting the circuit was presented, 
and its feasibility was also demonstrated in a SOM electrolysis experiment. 
Finally, a new equivalent circuit of the SOM electrolysis process was presented to 
investigate the dissociations of Fe203, MgO, and Zr02 and the impact of the electronic 
conductivity of the flux. An electrochemical model for magnesium and oxygen 
production was developed to analyze various polarizations and quantify the exchange 
current in the case that the Fe20 3 had been removed and there was negligible amount of 
magnesium in the flux . The ohmic polarization was dominating in contributing to the 
total polarization in the current range of lA to 1.7 A. This indicated that the performance 
of the SOM electrolysis can be improved by reducing the ohmic resistance, which can be 
realized by decreasing the thickness of the electrolyte (the YSZ membrane and the flux). 
The maximum allowable applied potential to avoid Zr02 dissociation was quantified 
according to circuit analysis. By reducing the electronic resistance of the YSZ membrane 
and/or increasing the electronic resistance of the flux, the maximum allowable applied 
potential can be increased. A high R e(flux) and a relatively low R e(YSZ) are required to 
achieve Zr02 stability, high current efficiency, and high production rate of magnesium 
and oxygen. 
6.2. Suggestions for Future Work 
The recycling process combining refining and SOM electrolysis has strong 
potential for energy savings and GHG emissions reduction in magnesium recycling. This 
work has established the viability of the magnesium recycling process for future scale-up 
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investigation with a potential for commercialization. Next steps will be design, 
construction, and testing of prototype equipment for recycling magnesium on a large 
scale and over long time periods. Experiments could also be performed to determine the 
kinetic parameters including the magnesium diffusivities in liquid Mg-Al scrap and in 
molten flux, and the rate of magnesium phase transition from liquid to vapor in the flux, 
etc. If these parameters were to be known, the magnesium transport in the flux during 
refining would be simulated using the model as described in section 2.3. The modeling 
results in turn could be used to optimize the design of magnesium refining. 
The use of the LSM-Inconel inert anode current collector in SOM electrolysis 
process minimizes the carbon footprint of this process, and the 0 2 gas produced is a 
valuable byproduct. This LSM-Inconel current collector could also be used in other SOM 
electrolysis experiments to produce 0 2 and metals or semiconductors, such as titanium, 
tantalum, ytterbium, neodymium, dysprosium, and silicon, from their respective oxides. 
The LSM-Inconel current collector maintains a low electrical resistance and excellent 
stabilities during SOM electrolysis. In order to take advantage of higher currents, possible 
approaches to further reduce the electrical resistance of the current collector should be 
investigated. One approach is to replace the LSM bar by a LSM cylindrical rod having 
the same length but a greater cross-sectional area. The LSM rod has a greater cell 
constant and therefore contributes less to the electrical resistance of the current collector. 
Another approach is to find alternative perovskite materials, such as lanthanum strontium 
cobalt ferrite (LSCF), that have higher electrical conductivities than LSM.[83] Further 
work would involve using LSCF to replace LSM. Last approach is to use a piece of 
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iridium rod to replace the LSM bar. The small piece of iridium rod is not that expensive, 
and it is thermodynamically stable and electrically conductive in pure oxygen and liquid 
silver environment. This Iridium-Inconel current collector would be applicable to not 
only SOM electrolysis but also the molten oxide electrolysis [52] . 
The oxygen partial pressure distribution inside the YSZ membrane during SOM 
electrolysis should be calculated. The oxygen partial pressure change across the flux/YSZ 
and the anode/YSZ interfaces should be investigated. If the oxygen partial pressure 
distribution within the YSZ membrane is known, the electronic resistance of the YSZ 
membrane could be calculated, and thus the maximum allowable applied potential to 
avoid Zr02 dissociation could be determined. 
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APPENDIX A 
1. Estimation of the Electron and Hole Conductivities of 6mol% YSZ 
The defect reactions for YSZ have been treated as being controlled by the doping 
impurity according to the following equation using Kroger-Vink notation [71], [84]: 
(A-1) 
where Y2,' , v; , and 0~ denote yttrium on the zirconium site with a formal charge -1 , a 
doubly ionized oxygen vacancy, and normal oxygen on the oxygen site, respectively. We 
can write the non-stoichiometric defect reaction at low oxygen pressure as follows: 
(A-2) 
The mass action constant for reaction (A-2) is expressed by Equation (A-3), where [ v; J 
and [ e'] are the concentrations of v; and electrons, respectively. 
K = [e']2 [v ·· J pll2 0 0 2 ,YSZ (A-3) 
Application of electroneutrality gives 2[v;;J=[YZr']+[e']. Because [Yz,']>>[e'], we 
have [ v; J = ~[Yz,']. Therefore, ( e'] can be represented by 
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112 [ J-112 [el] = K112 [v·· ]- p-114 ex:: y I p-114 0 02 Zr 0 2 (A-4) 
Assuming the electron mobility is not a function of [ Y2 r
1 J and P0 2 , the electron 
conductivity, O"e<rsz> , in the low oxygen partial pressure region shows the same 




O"e(YSZ) ex:: YZr Po2 (A-S) 
Therefore, the ratio of the electron conductivity of 6mol% YSZ and that of 8mol% YSZ 
at the same temperature and oxygen partial pressure can be expressed by 
( )
-1/2 
(J"e(6YSZ) = ~ 
(J"e(BYSZ) 8 (A-6) 
At high oxygen partial pressures, the non-stoichiometric defect reaction is written 
as: 
v~ +.!.. 0 2 (g) = 2h + o~ 2 (A-7) 
Analogously, the dependence of the hole conductivity, a,<Ysz> , on [ Y2r 1 J and P0 2 can 




O"h(YSZ) ex:: Yzr Po2 (A-8) 
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Therefore, the ratio of the hole conductivity of 6mol% YSZ and that of 8mol% YSZ at 




O"h(8YSZ) = 8 (A-9) 
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